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SUMMARY 


Improved  methodology  for  the  objective  evaluation  of  food  texture 
vats  applied  to  the  measurement  of  the  textural  parameters  of  special 
freeze-dried  foods  vhich  vere  storage-equilibrated  under  different 
relative  humidity  conditions.  The  foods  included  pre-cooked  freeze- 
dried  beef,  laminated  freeze-dried  products  in  the  form  of  bite-size 
sandwiches,  and  compressed  freeze-dried  cubes,  all  of  which  were  de¬ 
signed  for  consumption  without  prior  rehydration.  Hie  results  showed 
that  increasing  relative  humidity  from  zero  to  66^  caused  an  increase 
in  hardness  and  cohesiveness,  and,  in  certain  foods,  a  decrease  in 
brittleness  (crushability  index).  This  was  more  pronounced  at  equili¬ 
brium  points  above  the  B.E.T.  value  for  a  monomole cular  layer  of  water. 
Plots  of  physico-chemical  parameters  of  water  vapor  sorption  versus 
rheological  properties  at  different  points  of  the  moisture  sorption 
isotherm  were  examined.  The  selection  of  certain  "target"  relative 
humidity  values  to  minimize  undesirable  changes  upon  storage,  and  pro¬ 
mising  avenues  for  continued  work  on  the  textural  quality  and  accepta¬ 
bility  of  special  freeze-dried  foods  are  discussed. 
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I  NTRO  DU  C  T  I  0  N 


Alterations  in  food  texture  are  important  to  the  mili¬ 
tary  in  tv/o  classes  of  dried  products?  ( 1 )  special  Army  foods 
which  are  to  be  consumed  in  the  dry  or  semi-dry  state;  (z) 
foods  which  require  reconstitution. 

The  first  class  lias  become  increasingly  important  in 
special,  unconventional  warfare,  since  water  is  not  immed lately 
necessary  for  consumption  of  the  food.  Sensory  texture  problems 
in  such  products  include  "hardness",  "crumbliness" ,  "dryness" 
and  excessive  "swelling" -during  the  process  of  mastication.  A 
related,  "mechanical"  texture  problem  is  the  fragmentation  and 
oulven nation  of  leafy  or  fibrous  dried  foods,  which  occur  dur¬ 
ing  processing,  storage  and  transportation.  These  problems  cause 
substantial  logistic  and  monetary  losses  to  the  Armed  Forces 
annually. 

The  second  class  includes  dried  foods  which,  upon  rehy¬ 
dration,  show  undesirable  deviations  from  their  original  textu¬ 
ral  quality., The  dehydration  of  meat  may  result  in  a  "rubbery", 
"tough"  or  "spongy"  reconstituted  product,  which  requires  spe¬ 
cial  preparation  and  prolonged  periods  for  rehydration. 

Experimental  v/ork  has  indicated  that  the  rheolomioal 
properties  of  dried  foods  are  greatly  affected  by  the  moisture 
content -Crater  vapor  equilibrium.  As  the  latter  changes  along  the 
adsorption  or  desorption  loop  of  a  moisture  sorption  isotherm, 
the  textural  parameters  of  the  food  also  change.  This  may  be  due 
to  transition  m  the  hydration  among  different  sorptive  groups, 
to  passage  from  mono-  to  multi-layer  formation,  and  vice  versa, 
to  changes  in  cross-linking,  to  colloidal  aggregation,  and  to 
other  reasons. 

During  these  changes,  not  merely  the  total  moisture  con¬ 
tent,  but  the  mechanisms  of  sorotion  and  the  states  of  water  on 
the  various  polar,  ionic  and  other  .groups  of  the  food  are  impor¬ 
tant.  On  this  basis,  one  can  expect  both  direct  and  indirect  re- 
*,  , 
lationships  between  the  moisture  conten i-water  vapor  equilibrium 
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and  rheological  characteristics  of  the  food.  In  spite  of 
some  work  in  this  aroa,  there  hae  been  no  systematic  invest 
tigation  of  these  relationships  in  special  foods  which  may 
be  consumed  without  rehydration.  In  view  of  the  unusual  and 
strict  performance  requirements  on  dried  foods  in  unconven¬ 
tional  warfare,  space  feed in/'  and  other  applications,  the 
b'ood  Research  Program  of  the  Army  is  in  need  of  more  research 
in  this  field. 

The  purpose  of  this  work  was  to  study  the  relation¬ 
ships  between  certain  aspects  of  water  sorption  and  textural 
properties  of  special  Army  foods  which  can  be  consumed  with¬ 
out  rehydration.  In  order  to  have  a  basis  of  comparison,  in- 

>  i 

strumental  measurements  in  most  cases  were  applied  to  both 
the,  dry  and  the  rehydrated  product.  The  special  foods  may  he 
used  in  their  p recent  state  of  development,  or  they  may  serve 
as  prototypes  for  the  manufacturing  of  other  products. 


t' 


i 


5 


\ 

) 


REVIEW  0?  LITERATURE 


The  literature  related  to  the  subject  of  this  Re¬ 
port  can  be  classified  as  follows! 

Category  A 

Studies  of  the  mechanism  of  moisture  sorption  and 
diffusion  in  various  materials,  including  foods. 

This  literature  is  voluminous,  and  reference  is 
made  to  classic  and  current  reviowe  and  research  papers, 
(see  bibliography  in  ref.  >l).  Most  of  this  work  deals 
mainly  with  engineering  and  physico-chemical  aspects  of 
dehydration,  or  with  chemical  and  bacteriological  problems. 

0,  4,  5,  7-9 »  18,  22,  29,  30,  32-44,  48,  50-53,  ‘>6-64 ,  66- 
I 3,  75-78,  85-92,  95,  98), 


Category  B 

Studies. of  the  physico-chemical,  histo-chemical ,  and 
rheopsychological  parameters  of  food  texture.  (2,  3.  6,  10- 
17.  19-21,  23-28,  31,  45,  49,  65,  79-82,  04,  96,  97, '99-111). 

In  this  category,  the  work  of  Szozesniak  and  her  co¬ 
workers  (31,  99-104)  is  noteworthy.  This  work  provided  the 
basis  for  much  of  the  experience  obtained  by  Drake  and  his  00- 
workers  at  S.I.K, ,  and  it  has  benefited  this  Report  from  both 
the  "instrumental"  and  the  "textural  parameters"  points  of 
view.  Szozesniak  and  her  co-workers  olaEBified  the  textural 
characteristics  of  foods  into  mechanical  and  geometrical  quali¬ 
ties,  as  well  as  those  related  to  the  moisture  and  fat  content 
of  a  food  product.  The  mechanical  characteristics  were  sub¬ 
divided  into  the  primaiy  parameters  of  hardness,  cohesiveness, 
viscosity,  elasticity,  and  adhesiveness,  and  into  the  secondary 
parameters  of  brittleness,  chewiness,  and  gumminess,  Table  1 
shows  the  classification  of  textural  parameters  with  the  oorre- 
*  sponding  popular  nomenclature  suggested  by  these  authors. 
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Table  1 .  Relationship  between  textural  parameters  and 
popular  nomenclature  (cf.,  refs.  100,  103) 


MECHANICAL  OHARACTSRISTIOS 


Primary  Parameters 

HARDNESS 

COHESIVENESS 

VISCOSITY 

ELASTICITY 

ADHESIVENESS 

GEOMETRICAL  CHARACTERISTICS 
Claes 

■ARTICLE  SIZE  AND  SHAPE 
PARTICLE  SHAPE  &  ORIENTATION 


OTHER  CHARACTERISTICS 

Primary  Parameters 

Secondary  Parameters 

Popular  Terms 

MOISTURE  CONTENT 

FAT  CONTENT 

Oiliness 

Greasiness 

Dry-Mo i s  t- We  t- Wa  tery 

Oily 

Greasy 

Secondary  Parameters 

Brittleness 

Chewiness 

GummineBS 


Popular  Terms 

Sof  t-Fi rm-Hard 

Crumbly-Crunchy-Sri ttle 

Tender-Chewy-Tou^h 

Sh  o  r  t-Me  al.v -Pas  ty -Gumm  v 

Thin-Viscous 

PI  as  t.i  c-El  as  1 l  c 

S 1 1  cky-Tack.y  -Go  o  ey 


Examples 

Gritty,  Grainy,  Coarse,  etc. 

Fibrous,  Cellular,  Crystalline,  etc. 
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In  more  recent,  U.S.  Government  sponsored,  research 
by  the  above  mentioned  investigators  ( 21 ) ,  certain  of  these 
parameters  were  applied  to  the  objective  texture  evaluation 
of  pre-cooked  freeze-dried  meat  in  the  rehydrated  state. 

In  addition  to  the  mechanical  parameters,  described 
above,  Drake  (27)  at  the  Swedish  Institute  for  !*'ood  Preser¬ 
vation  Research,  has  suggested  the  "crushability  index"  as 
a  useful  parameter  in  food  texture  evaluation,  'j'his  index 
and  the  method  suggested  for  the  graphical  analysis  of  the 
curve  obtained  by  the  S.I.K.  Mastioometer  are  discussed  in 
the  chapter  "Methods  and  Materials". 

The  merits  and  limitations  of  instruments  available 
for  the  objective  measurement  of  meat  texture  have  been  dis¬ 
cussed  in  a  recent  review  by  Szczesniak  (102).  In  the  follow¬ 
ing,  a  brief  description  will  be  given  of  two  instruments 
which  provided  the  basis  for  the  methodology  used  in  this 
Report. 

The  M. I.T.  Denture  Tenderometer  was  designed  by 
Proctor  and  his  students  (79-81 )  at  the  Massachusetts  Insti¬ 
tute  of  Technology.  It  is  an  adaption  of  the  Volodkevich's 
(106)  apparatus,  which  was  constructed  to  measure  the  textural 
properties  of  meat  by  simulating  conditions  of  human  mastica¬ 
tion.  The  Tenderometer  consists  of  a  complete  cet  of  human 
dentures.  The  upper  denture  is  attached  to  a  mechanical  masti¬ 
cator  (Hanau  articulator)  and  it  is  moved  by  a  driving  motor, 
whereas  the  lower  denture  is  stationary.  The  force  exerted  by 
the  chewing  action  is  measured  through  two  strain  gauges  loca¬ 
ted  in  the  driving  arm  of  the  upper  jaw.  The  changes'  in  resis¬ 
tance  due  to  deformations  in  the  strain  gauges  are  represented 
as  a  picture  on  the  screen  of  a  cathode  ray  oscilloscope.  The 
advantages  of  the  instrument  are?  simulation  of  the  chewing 
motion  of  the  human  jaws  (including  crushing  and  .grind in •*)■,  the 
ability  to  measure  several  texture  parameters,  and  the  high  sen— 
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oitivity  obtained  by  the  use  of  the  strain  .'ravine  and  the 
electronic  circuitry.  The  main  disadvantages  include:  the 
difficulty  of  maintaining  samples  on  the  teeth,  the  pro¬ 
blems  associated  with  •#oolusal  teeth  surfaces  when  it  is 
necessary  to  measure  exactly  the  force  acting  on  the  food 
surface,  and  the  cumbersome  task  of  recording  the  force 
penetration  patterns  with  a  cf.ime.ra. 

The  General  '''pods  Texturometer  is  a  modification  of 
the  M.J.T.  Denture  Tenderometer  and  tin  the  interpre tation 
of  the  dato.it  utilizes  Szczesmak's  classification  of  tex¬ 
tural  parameters.  The  instrument  includes  a  Hanau  dental 
articulator  (driven  by  a  variable-speed  motor),  a  variable- 
voltage  power  supply,  a  Wheatstone  bridge  circuit  and  a  fast- 
speed  recorder  with  balancing  potentiometer.  It  is  different 
from  the  M.I.T.  instrument  in  tnat  the  dentures  were  replaced 
by  a  punch  and  a  sample-holding  plate,  that  the  strain-gauge 
sensing  unit  was  removed  from  the  articulator  arm  and  re¬ 
located  on  the  stationary  bottom  plate  (a  modification  which 
eliminated  the  excessive  "background  signal"),  and  that  the 
oscilloscope  was  replaced  by  a  fast-speed  recorder.  Several 
chewing  speeds  were  provided,  but  the  sideways  motion  of  the 
M.I.T.  instrument  was  eliminated.  The  punch  movement  is  such 
that  it  first  exerts  a  little  shearing  action  with  its  edge. 

This  is  accomplished  because  the  punch  head  is  at  an  angle  in 
relation  to  the  platform,  and  in  operation,  first  the  edge, 
then  progressively  larger  area,  and  eventually  the  entire  sur- 

i 

face  of  the  punch  come  in  contact  with  the  food.  The  reverse 
takes  place  when  the  punch  travels  upwards. 

'Die  General  5'oode  Texturometer  has  been  applied  to  the 
objective  measurement  of  the  texture  of  freeze-dried  rehydrated 
meat  in  work  sponsored  by  the  U.S.  Government,  as  mentioned 
above  (21 ).  Parameters  applicable  to  meat  were  found  to  be  hard- 
ness,  oohesiveness,  elasticity,  and  chewiness.  The  first  three 
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parameters  wore  determined  directly  from  the  recorded  curve, 
whereas  chewiness  was  calculated  as  the  product  of  hardness, 
cohesiveness,  and  elasticity.  Highly  significant  correlations 
were  found  between  evaluations  of  tenderness  by  a  trained 
Danel  and  force  applied  parallel  to  the  meat  grain.  Szozesniok 
indicated  a' resemblance  of  the  parameters  of  meat  to  the  com¬ 
ponents  of  sensory  tenderness  recently  described  by  Cover 

et.  al.  (13-17). 

On  the  basis  of  the  above  mentioned  instruments,  Drake 
(24,  20),  constructed  a  modified  G.P.  Texturometer ,  the 
Masticometer,  which  was  used  for  texture  measurements  in  this 
Report.  This  is  discussed  in  detail  in  the  chapter  "Methods 
and  Materials". 

As  stated  in  the  Introduction,  the -main  purnose  of  thin 
research  was  to  study  the  effect  of  the  moisture  content-water 
vapor  equilibrium  on  the  textural  characteristics  of  certain 
freeze-dried  foods  in  the  dry  state.  These  speeial  foods  ore 
used  in  space  or  limited-warfare  feeding  and  they  are  novel 
items  in  food  science.  The  texture  and  other  problems  of  such 
foods  were  recently  discussed  by  Hollender  (46),  Klicka  and 
Hollender  (54),  and  others  (03). 

Category  C 

Studies  of  basic  and  applied  aspects  'of  the  relation- 

L. 

ships  between  moisture  contenIMrater  vapor  equilibrium  and 
textural  parameters  in  foodB. 

Most  studios  in  this  category  were  made  as  part  of,  or 
incidental  to,  research  on  other  main  objectives.  Specifically, 
the  literature  is  very  poor  with  regard  to  meat  products  which 
are  designed  to  be  consumed  without  rehydration,  since  interest 
in  such  products  is  presently  limited  to  military  food  procure¬ 
ment  objectives. 
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Davit)  and  McLaren  ( 1 B) ,  on  the  basis  of  thermo¬ 
dynamic  relationships  derived  previously,  calculated  the 
partial  molal  free  energy,  net  neat  and  net  entropy  changes 
of  water,  accompanying  the  sorption  of  water  vapor  by  eight 
different  proteins.  They  found  remarkable  differences  from 
protein  to  protein,  especially  between  water-soluble  and 
water  insoluble  proteins.  Furthermore,  a  positive  entropy 
change  was  observed  for  certain  proteins  at  equilibrium 
points  between  ze!ro  and  low  relative  humidities.  This  was 
attributed  to  configurational  changes  of  the  sorbing  sur¬ 
face,  which  lead  to  local  solubilization  and,  therefore,  to 
an  increase  in  randomness.  In  practice,  such  changes  may 
appreciably  affect  the  rheological  characteristics  of  the 
system.  King  (53)  experimenting  with  keratin,  reported  a 
continuous  reduction  in  relative  rigidity  (determined  by 
torsional  oscillation)  and  an  increase  in  the  dielectric 
constant,  as  the  moisture  content  increased  from  zero  to  1o 
percent.  He  attributed  both  effects  to  increased  rotation  of 
polar  groups  in  the  polypeptide  chain. 

A  groat  deal  of  research  which  may  be  related  to  the 
problems  of  this  Report,  has  been  conducted  on  fresh  meat  or 
on  freeze-dried  meat  in  the  rehydrated  state. 

The  probable  mechanisms  of  water  sorption  ir.'  the  fresn 
meat  Lave  been  reviewed  extensively  by  Hamm  (39).  The  hydra¬ 
tion  of  meat  by  "free"  water,  as  expressed  by  the  "water 
holding  capacity"  (W.H.C.),  is  closely  related  to  textural 
characteristics.  The  minimum  W.H.C.  coincides  with  the  maxi¬ 
mum  of  muscle  rigidity.  During  post-mortem  changes,  the  mini¬ 
mum  of  meat  hydration  (rigor  mortis),  corresponds  to  a  mini¬ 
mum  of  tenderness.  Tenderization  of  meat  by  aging,  or  by 
application  of  enzymes,  results  in  an  increase  of  its  V.'.H.C. 

As  with  fresh  meat,  the  decrease  of  tenderness  of 

\ 
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freeze-dried  rehydrated  mbat  seems  to1  be  invariably  associated 
with  losses  in  "time"  water  binding  oabaoity.  This  eapactiy  de¬ 
pends  on  the  ability  of  the  muscle  proteins,  especially  of  the 
actin  and  myosin,  to  form  a  network  gel,  on  which  water  is  "firm¬ 
ly  bound".  Some  of  the  viscoelastic  characteristics  of  the  muscle, 
e.g.  elastic  modulus,  are  determined  by  the  state  of  these  pro¬ 
teins.  Therefore  an  associative,  if  not  causative,  relationship 
exists  between  the  mechanism  of  water  sorption  on  the  myofibrillar 
proteins,  and  the  textural  characteristics  of  the  rehydrated  meat. 

The  moisture  sorption  isotherm  of  a  food  product  represents 
a  basic  description  of  water  binding  relationships.  Figure  1  shows 

i, 

a  typical  S-shaped  food  isotherm  which  was  originally  prepared  for 
the  purpose  of  showing  main  types  of  quality  deterioration  corre¬ 
sponding  to  different  areas  of  the  isotherm. * 


MOISTURE  SORPTION  ISOTHERM  OF  A  FOOD  PRODUCT 


Fig.  1 ♦  Moisture  Borption  isotherm  of  a  food  product  at  20°C. 
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Between  zero  and.  about  I1}  11.  U, ,  the  curve  rises 

steeply  and  it  is  concave  to  the  abscissa.  According  to  the 
theory  of  Brunauer,  Emmett  and  Teller,  (<3),  regarding  multi- 
molecular  adsorption,  this  segment  represents  a  statistical 
monomoleoular  layer  of  "bound"  water.  The  immobility  of  water 
in  this  region  has  been  confirmed  by  nuclear  magnetic  resonance 
studies  on  starch  (93)-  The  B.TiJ.T.  monomoleoular  layer  is  not  a 
continuous  film,  but  represents  water  molecules  which  are  ad¬ 
sorbed  mainly  on  polar  sites  of  the  food.  Between  approximately 
15 and  $0%  R.H. ,  the  curve  ascends  more  gradually,  and  it 
corresponds  to  the  formation  of  a  second  layer  of  water.  At 
still  higher  relative  humidities,  the  isotherm  rises  steeply, 
it  is  convex  to  the  abscissa,  and  it  represents  successive  multi¬ 
layer  formation.  The  absence  of  sharp  discontinuities  between  the 
above  segments  indicated  the  continuous  overlapping  of  different 
kinds  of  water  binding  along  the  isotherm.  Olcott  and  I'Yaenkel- 
Uonrat  (/y)  Bhowed  that  the  amino  groups  play  a  more  important 
role  in  water  binding  than  do  carboxyl  .groups.  At.  a  very  low  H.H. 
(about  6'/*),  one  molecule  of  water  is  bound  by  two  amino  groups.  At 
higher  R.H. ,  (about  60y>) ,  one  amino  group  binds  2^  molecules  of 
water,  and  the  amino  groups  are  thus  saturated.  At  still  higher  R.H. , 
uptake  of  water  occurs  mainly  b,y  "capillary  condensation". 

Dehydrated  special  foodE  which  are  to  be  consumed  in 
the  dry  state  have  a  moisture  content  which  does  not  usually 
exceed  the  value  of  two  B.E.T.  monomoleoular  layers  of  water. 

Compared  to  its  importance  in  fresh  meat,  or -in  meat  which  had 
been  freeze-dried  and  then  rehydrated,  the  W.H.C.  of  these 
special  foods  may  be  a  less  useful  index  of  textural  cruality. 

Instead,  the  mode  of  water  binding  on  polar  sites  of  proteins 
and  carbohydrates  within  the  first  two  3.S.T.  monolayers,  and 
the  extent  of  cross-linking  between  adjacent  polymer  chains 
may  be  the  predominant  factors  in  "orumbliness",  "dryness", 
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"toughnesB"  and  other  textural  characteristics. 

In  moEt  food  products,  the  applicability  of  the  B.IS.T. 
equation  is  usually  limited  to  relative  humidities  below  about 
0.1)0.  This  is  because  the  T3.13.T.  equation  Contains  inherent 
assumptions  of  constant  number  of  corption  sites  over  all  vaoor 
pressures,  and  of  minor  lateral  interactions  (van  der  ’I'aaln). 

The  sorption  of  water  on  food  substances  is  a  special 
case  oi'  polar  vapors  sorbed  on  swelling  gels.  A  "swelling  gel" 
isotherm  derived  recently  by  Pugassi  and  his  co-workers  (32- 
34,  /3)  takes  this  uhenomen  into  account.  Data  of  bull  (9)  on 
the  sorption  of  water  on  various  proteinB,  which  fitted  the 
£.13. T.  equation  only  to  relative  vapor  pressures  of  0.40  to  0.50, 
were  shown  to  fit  the  Pugassi  isotherm  to  a  relative  vapor 
pressure  of  0,90  or  greater  (58). 

In  dehydrated  foods,  Salwin  et  al. ,  ((30-90)  and  Kapsalis 
et  al.,  (50)  found  close  relationships  between  different  types 
of  chemical  deterioration  and  the  moisture  content-water  vaoor 
equilibrium.  In  certain  foods,  where  lipid  doublebond  type  of 
oxidation  is  important,  the  presence  of  a  monomolocular  layer 
of  water  may  be  protective  against  attack  by  oxygen.  Recently' 
Karel  (52),  experimenting  on  highly  purified  model  systems,  elu¬ 
cidated  important  aspect  of  the  protective  role  of  water  against 
lipid  oxidation.  In  other  foods,  where  other  types  of  chemical 
deterioration  predominate  (ex.  amino-carbonyl  browning,  protein 
oxidation,  etc.),  water  may  accelerate  the  deleterious  change, 
and  therefore  essentially  complete  dehydration  is  necessary. 

Recent  work  by  Kapsalis  et  al.  (51)  indicated  that  not 
only  the  chemical  stability  but  also  the  textural  quality  of  the 

food  may  be  greatly  affected  by  the  moisture  content-water  vapor 

\ 

equilibrium  along  the  isotherm.  Differences  in  the  mode  and 
energy  of  sorption  between  air-  and  freeze-dried  beef  were  inter¬ 
preted  in  terms  of  basic  struotual  characteristics. 

The  textural  deterioration  of  dehydrated  foods  is  a  spe- 
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rial  case  of  chemical  deterioration  in  its  relationship  to 
physical  aspects  of  structure  on  the  molecular  level.  Certain 
problems  oT  this  relationship  are  examined  in  this  Report. 


15 


METHODS  AND  MATERIALS 


I.  The  S.I.K.  MAST1COMSTF8R 

Description 

The  main  features  and  operation  of  the  S.I.K.  Mastico- 
meter  have  been  briefly  described  previously  (24,  2b,  111). 

The  instrument  was  developed  by  Drake  as  a  modification  of  the 
M.I.T.  -  G.F.  Texturometer,  and  it  is  shown  in  Figs.  2,  3,  and 
4.  It  consists  of  the  following  main  parts,  which  are  connected 
according  to  the  block  and  the 'detailed  diagrams  in  Pigs.  5,  'ia. 
6  and  '/ . 

a)  Masticometer 
Stand 

Motor  with  gear  box  (30  r.p.m.),  3-phase  220  V  AC 
Eccenter  disk  with  connecting  rod,  stroke  rod,  and  a 
series  of  interchangeable  punches 
Double  beam  and  bottom  plate 
Metal  reed  with  strain  gauges 

Arrangement  for  indicating  the  position  of  the  punch 

b)  Strain  Gauge  Bridge 

Peekel  Strain  Gauge  Bridge  bdO  DNH 

c)  Attenuator 

Three  precision  decade  resistances,  x  10  000,  x  100 
and  x  10  ohms 

Battery  circuit  for  the  indication  of  the  position  of 
the  ecoenter  disk 

♦ 

d)  Recorder 

Speqdomhx  G,  l/4  second  full  deflection. 


\ 
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The  motion  transfer  assembly  of  the  apparatus  is 
shown  in  Tig.  It  includes  a  rotating  ecoenter  disk  which 
is  driven  by  a  3-phase  asynchronous  motor  at  a  speed  of  30 
r.p.m.  The  force  is  transmitted  to  the  sample  through  a 
connecting  rod,  (which  is  mounted  on  vertical  thrust  bearings) 
a  stroke  rod  and  a  punch.  The  eccentricity  can  be  adjusted  to 
any  value  between  zero  and  30.0  mm  by  varying  the  radius  of 
rotation  of  the  connecting  rod  on  the  circular  disk.  The  exact 
setting  is  read  on  a  graduated  scale,  parallel  to  the  diameter 
of  the  disk,  and  on  a  corresponding  vernier  scale.  A  series  of 
interchangeable  punches  ranging  in  diameter  from  2.5  to  /jO  mm 
are  available  for  different  types  of  foods,  in  this  Feport,  the 
punch  diameter  used  was  7*5  mm  for  all  meat  samples,  and  5.0  mm 
for  the  special  type  foods.  The  upper  part  of  the  punch  f i ts 
into  the  lower  section  of  the  stroke  rod  by  means  of  threaded 
section  counterparts.  A  locking  collar  fastens  the  punch  at  any 
position  of  the  threaded  section,  and  this  makes  it  possible  to 
vary  the  minimum  distance  of  the  punch  from  the  bottom  plate 
and,  therefore,  to  select  the  depth  of  sample  penetration  as 
desired. 

The  force  receiving  part  of  the  apparatus  consists  of 
the  bottom  plate,  the  double  beam,  the  reed  and  the  strain  gauges 
(PiG.  3). 

The  bottom  plate  is  interchangeable,  and  it  is  threaded 
tightly  on  the  center  of  a  rectangular  metal  link  which  connects 
the  two  arms  of  the  beam.  This  facilitates  the  use  of  dish-like 
receptacles  as  bottom  plates,  when  materials  of  easy-flow  chara— 
teristics  are  to  be  tested.  (The  rheological  parameters  of 
mashed  potatoes  and  other  viscous  foods  have  been  successfully 
tested  by  the  Masticometer) . 

The  beam  consists  of  two  iron  arms  which  on  the  one  end 
are  bolted  on  the  platform  of  the  apparatus  through  two  pairs  of 
metal  cross  bars;  and  on  the  other  end,  as  said  above,  the  two 
arms  are  connected  by  the  rectangular  metal  link  which  supports 


the  S.I.K.  Masticometer 


Photo  of  rubber  sample  compressed  between,  punch  and  bottom  plate 


S  -  Staple 
B  *  Bsa« 

SG  -  Strain  gauges 

MS  •  Micro a witch  for  indicating  the  upperaost 
position  of  punch 
CB  ■  .Circuit  breaker 
E  m  Support 


Attenuator 


Speedonax 

Recorder 
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the  bottom  plate.  The  undersidr  of  the  link  carries  a  hook 
for  the  suspension  of  weights,  a  step  which  is  necessary  in 
the  process  of  calibrating  the  relative  instrument  force  in 
terms  of  kilograms. 

The  reed  is  the  cart  of  the  apparatus  which  bears 
the  strain  gauge.  It  is  a  15  .Tim  -  wide  metal  strip  whose 
one  end  bends  upward  and  touches  the  underside  of  the  rec¬ 
tangular  metal  link  of  the  beam. 

The  theory  and  applications  of  strain  gauges  have 
been  described  in  the  literature  (55) •  In  principle,  their 
operation  depends  on  the  property  of  electric  conductors  to 
undergo  changes  in  resistance  when  subjected  to  mechanical 
deformation.  In  practice,  a  thin  constantan  wire  is  cemented 
to  a  think  plastic  carrier,  which  in  turn  is  cemented  to  the 
reed  with  the  aid  of  a  special  cement.  Pour  such  strain  gauges 
are  used  in  the  Masticometer ,  as  shown  in  Pigs.  5a  and  6.  The 
pressing  of  the  sample  by  the  punch  causes  a  deflection  of  the 
beam  and  reed,  and  these  movements  are  transferred  through  the 
layer  of  cement  and  the  carrier  to  the  wire  of  the  gauges , 
causing  variations  in  resistance.  The  latter  are  measured  oy 
means  of  a  Peekel  strain  gauge  apparatus,  type  540  DI-JH.  The 
imbalance  in  the  bridge,  caused  by  the  pressure  of  the  punch' 
on  the  samr.le,  results  in  a  meter  deflection  of  the  Peekel 
strain  gauge  apparatus  which  can  be  read  visually.  In  the  case 
of  the  Masticometer,  the  output  of  the  Peekel  apparatus  was 
transferred  through  an  attenuator  coupling  to  a  Speedomax  quick 
response  recorder. 

The  relative  instrument  force  KR  exerted  on  tne  material 
b,v  the  punch  is  found  oy  multiplying  the  height  in  mm  of  the 
recorder  pen  deflection  A  by  a  Factor  P: 


KH  =  A  x  F 
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The  factor  P  is  found  by  dividing  the  Betting  of  the  micro- 
strain  by  that  of  the  attenuator: 

P  =  microstrain/attenuator 

Modifications  to  the  M. I. T. -General  Foods  Texturometer 

The  modifications  to  the  M. I. T. -General  Poods  instru¬ 
ment  which  were  incorporated  into  the  Masticometer  include 
the  followings 

1)  Substitution  of  a  vertically  moving  punch  for  the 
circularly  moving  arm.  Prom  a  physical  standpoint,  this  resul¬ 
ted  in  better  reproducibility  of  measurements,  and  it  made  the 
analysis  and  interpretation  of  the  curve  described  by  the  sinu¬ 
soidal  movement  of  the  punch  less  complicated.  The  curved  move¬ 
ment  of  previous  instruments  adds  new  difficulties  to  a  host  of 
already  existing  variables.  This  includes  the  angle  between  the 
arm  and  any  reference  line,  and  the  angle  between  the  punch  and 
the  food  surface;  both  of  these  angles  vary  continuously  during 
testing.  For  these  reasons,  it  is  difficult  to  determine  the 
exact  depth  of  sample  penetration,  either  manually  or  by  graphi¬ 
cal  analysis  of  the  curve.  It  was  felt  that  the  advantages  of  a 
vertical  punch  movement  outweighed  any  possible  disadvantages, 
incurred  by  the  sacrifice  of  certain  aspects  in  the  simulated 
motion  of  the  human  jaw  during  mastication. 

2)  The  possibility  of  knowing  the  exact  point  on  the 
recorded  curve  where  the  punch  was  at  its  highest  position.  This 
point  is  recorded  automatically  by  means  of  ,a  microswitch,  which 
is  actuated  by  a  pointer  fixed  at  an  adjustable  position  on  the 
rotating  eccenter  disk.  When  this  pointer  comes  in  contact  with 
the  microswitch,  a  small  .voltage  from  a  dry  battery  is  super¬ 
imposed  on  the  attenuator,  and  in  this  way  it  appears  as  a  small 
"kick"  on  the  recorded  curve,  usually  on  a  part  of  the  base  line 
(cf. ,  Pig.  11,  points  p).  On  the  basis  of  this  mark,  and  knowing 
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the  Bpeed  of  the  motor  and  of  the  recorder  chart,  it  is  easy  to 
find  the  lowest  position  of  the  punch  on  the  curve.  As  it  will 
he  shown  later,  this  information  provides  the  basis  for  the 
calculation  of  a  parameter  corresponding  to  the  "recovered  work", 
and  for  the  interpertation  of  the  curve  in  terms  of  "crushing", 
"elastic"  and  "total"  texture  behavior  of  the  food  sample. 

3)  The  use  of  four  strain  gauges,  instead  of  the  two 
employed  in  the  G.P.  model.  This  resulted  in  double  imbalance 
voltage  output  from  the  bridge  to  the  Peekel  strain  gauge  appar- 
ratus,  and  therefore,  in  higher  sensitivity  for  a  given  deforma¬ 
tion  of  the  strain  gauges. 

Depth  of  Bample  penetration 

In  much  of  the  food  texture  work  reported  in  the  litera¬ 
ture,  results  are  expressed  aB  maximum  force  or  other  measure¬ 
ment  at  a  single  depth  of. sample  penetration.  Previous  experience 

$ 

at  S.I.K. ,  indicated  that  single  measurements  may  give  only  a 
partial  picture  of  the  rheological  properties  of  the  food,  since 
many  of  thoso  properties  depend  closely  and  in  a  nonuniform  manner 
on  the  depth  of  sample  penetration.  In  a  similar  way,  during  the 
natural  process  of  mastication,  the  sensory  perception  of  hard¬ 
ness  and  other  parameters  also  varies  with  depth.  It  is,  therefore, 
advantageous  to  know  the  value  of  textural  parameters  at  any  point 
within  •  the  path  of  a  chewing  cycle.  Once  this  is  known,  a 
definite  depth  can  be  selected  for  further  measurements,  in  order 
to  obtain  meaningful  and  comparable  data.  The  Masti cometer  provides 
for  both  manual  setting  of  the  depth  of  sample  penetration,  and  for 
the  exact  estimation  of  sample  thickness  and  of  penetration  depth 
on  the  basis  of  a  graphical  analysis  of  the  curve. 

Manual  setting  and  corrections  of  the  depth  of  sample  penetration 
The  depth  of  penetration  of  the  punch  into  a  food  sample  is 
set  by  adjusting  the  distance  of  the  punch  from  the  bottom  plate, 
when  the  punch  is  placed  in  its  lowest  position.  This  is  done  by 


25 


means  of  the  threaded,  sections  of  the  punch  and  stroke  rod,  as 
explained  previously.  The  desired  punoh-to-bot tom-plate  distance 
can  be  accurately  set  on  the  basis  of  a  series  of  standard  thick¬ 
ness  steel  plates.  This  distanoe  when  subtracted  from  the  thickness 
of  the  Bample  gives  the  nominal  penetration  depth  or  Nom  PD.  However, 
the  pressure  applied  to  the  Bample  by  the  punch  causes  also  a 
downward  deflection  of  the  beam,  and  aB  a  result,  the  distance 
between  the  punch  and  the  bottom  plate  becomes  larger  than  it 
would  have  been  if  the  beam  had  been  absolutely  stiff.  The  punch 
travels  into  the  food  to  a  shorter  distance  than  the  Nom  PD  in¬ 
dicates,  and  a  correction  A  X  is  necessary  in  order  to  find  the 
real  penetration  depth.  Such  a  correction  can  easily  be  calcula¬ 
ted,  since  the  deflection  of  the  pen  recorder,  after  multiplication 
by  the  factor  F,  gives  a  measure  of  the  depression  of  the  beam. 

Assume,  for  example,  that  a  1.00  mm  sheet  of  steel  on  the 
bottom  plate  gives  D  mm  pen  deflection,  at  microstrain  setting  S 
and  attenuator  setting  A.  ThiB  gives  the  instrument  force  KR  for 
one  millimeter  beam  deflection  as: 

KR/mm  -  D  •  (s/A) 

and  a  factor 

f  "  "“Vkr 

DS  ' 

For  experiments  mentioned  in  this  report,  the  value  obtained 
by  the  last  equation  in  a  large  number  of  replicate  measurements 
was  0.614  x  10~^mm/KR.  The  correction  A  X  in  mm  .is  found  by  multi¬ 
plying  the  force  KR  by  the  factor  f. 

J 

A  X  »  f  •  KR  mm 

Consequently,  the  real  penetration  depth  PD  is: 


PD  ■  Nom  PD  -  A  X  mm 
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In  the  Masticometer,  the  defleotion  of  the  beam  does  not 
usually  exceed  1.5  mm,  within  the  range  of  hardness  encountered  in 
most  foods,  > nd  when  not  too  large  PD  values  are  employed.  Most 
samples!  tested  in  this  report  caused  a  deflection  of  less  than 
1,00  mm.  Exceptions  to  this  were  shown  by  certain  special  foods 
(strawberry  cubes,  melba  toast  and  beef  bites).  Probably  because 
of  long  storage,  these  samples  were  so  hard  that  as  little  as 
1.00  mm  nominal  penetration  depth  caused  a  too  high  deflection 
of  the  beam.  The  same  foods  were  impossible  to  chew  by  a  sensory 
panel,  and  they  were  excluded  from  texture  measurements. 

Graphical  estimation  of  sample  thickness  and  of  penetration  depth 


According  to  the  previous  discussion,  the  percent  nominal  pene~ 
tration  depth  (%  Nom  PD)  can  be  calculated  on  the  basis  of  the 
sample  thickness  Tq  and  of  the  remaining  depth  RD: 

.  T  -  RD 

%  Nom  PD  =  0 _  x  100 

T 

o 

Of  these  quantities,  RD  is  known  exactly  from  the  minimum 
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distance  of  the  punch  from  the  bottom  plate.  The  thickness  T  , 
however,  is  difficult  to  measure  accurately  by  mechanical  means, 
especially  on  meat  and  other  food  samples  which  have  irregular  sur¬ 
faces.  A  method  for  the  exact  calculation  of  sample  thickness  by 
graphical  analysis  of  the  curve,  described  by  the  movement  of  the 
punch  during  penetration,  was  developed  by  Drake  at  S.I.K. 

According  to  this  method,  the  position  of  the  punch  at  any  time 
during  operation  can  be  calculated  on  the  basis  of  Pig.  8. 

The  outer  circle  represents  the  circumference  of  the 
eccenter  diBk,  and  the  inner  circle  the  positions  of  the  end  of  the 
connecting  rod  VE,  during  one  revolution}  this  end  is  fixed  to  a 
point  on  the  eccenter  disk  as  the  latter  rotates  during  operation. 

The  distance  AP  is  the  eccentricity  ECC}  line  AP  makes  an  angle  ) 
t  .  o 

with  vertical  line  DB.  As  the  eccenter  disk  rotates,  angle  <p  iB  0 

at  the  uppermost  position  of  the  punch,  and  it  completes  360°  at 
the  end  of  a  full  rotation  of  the  disk.  At  the  uppermost  position, 
the  top  and  bottom  ends  of  the  connecting  rod  are  at  D  and  0,  respec¬ 
tively.  Upon  rotation,  when  point  D  reaches  A,  point  0  reaches  B,  and 
the  vertical  distance  travelled  by  the  plunger  is  A  . 

Prom  triangles  ABC  and  AFC  it  iB  easily  seen  that: 

(VE)2  =  (AC)2  +  (CB)2  =  (ECC  •  sin  /)2  +  y2 

y  =  V(VE)2  -  (ECC  •  Bin  jrf)2 

A  +  VE  =  Y  +  (ECC-  -  ECC  •  cos  rf) 

A  =  y  +  (ECC  -  ECC  ♦  cos  rf)  -  VE 

A  =\/(VE)2  -  (ECC  •  sin  f)2  +  ECC  (l  -cos  /)  -  VE 
In  the  last  equation  the  distance  A  is  given  as  a  function  of 


ECC  =  eccentricity 

D,0  =  uppermost  position  of  the  ends  of  the  connecting  rod  VE 
A,B  =  position  of  the  ends  of  the  connecting  rod'VE  at  time  t. 
A  =  vertical  distance  travelled  by  the  lower  end  of  the 
connecting  rod  VE  in  time  t.  ’ 
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the  angle  {.  Table  2  presents  values  of  the  maximum  distance  of  the 
punch  from  its  lowest  position,  calculated  for  different  angles  j 
find  at  different  eccentricities.  Pig.  9»  bottom  curve,  shows  the 
plotting  of  these  data  for  ECC  =  10  mm  on  a  4: 1  scale.  It  is  seen 
that  a  nearly  sinusoidal  curve  results.  On  the  top  of  Pig.  9  is  an 
experimental  curve  obtained  with  pre-cooked  freeze-dried  beef  in  the 
rehydrated  state.  Point  b-|  on  the  bottom  curve  corresponds  to  the 
uppermost  position  of  the  punch  before  the  first  experimental  peak. 
This  position  is  registered  automatically  on  the  recorder  curve  in 
the  form  of  a  small  peak  p,  as  explained  previously  in  this  Report. 
Point  a-j  is  the  lowest  position  of  the  punch,  and  point  again  the 
uppermost  position,  before  the  recording  of  the  second  experimental 
peak.  As  the  plunger  moves  downward,  it  makes  contact  with  the  food 
at  a  point  on  the  upper  curve  t-j  which  corresponds  to  the  point  +2 
on  the  bottom  curve.  Therefore,  on  the  basis  of  this  graphical 
analysis,  the  distance  T0  which  corresponds  to  the  thickness  of  the 
food,  can  be  accurately  and  conveniently  measured  from  the  scale  on 
the  ordinate. 

Another  way,  suggested  by  Drake,  for  the  measurement  of  sample 
thickness  depends  on  the  relationship  between  the  length  of  the  base 
line  1  and  the  nominal  penetration  depth  Worn  PD.  When  Norn  PD  =  0 
(zero)  1  =  100  mm  =  maximum,  at  the  present  speed  of  the  recorder 
chart  (100  mm/sec.)  and  of  the  Masticometer  motor  (30  r.p.m.).  When 
Nom  PD  =  ECC,  1  =  (almost  exactly)  50  mm,  and  when  Norn  PD  =  2  ECC, 
1=0.  For  intermediate  values,  a  definite  relationship  exists  be¬ 
tween  Nom  PD/ECC  and  1,  which  can  be  quantitatively  determined  from 
the  plotting  of  these  two  variables  when  materials  of  known  thick¬ 
ness  are  used.  The  standard  curve  thus  obtained  is  valid  for  any 
eccentricity  ECC. 

In  the  present  Report,  a  standard  curve  of  Nom  PD/ECC  vs.  1 
was  established  by  using  a  series  of  samples  of  erasing  rubbers. 

The  thickness  of  these  rubbers  was  measured  to  0.005  mm  with  a 
micrometer  in  4  replicates  for  each  penetration.  The  results  are 


30 


Table  2.  Values  of  maximum  distance  of  punch  from  lowest  position, 
calculated  from  the  graphical  analysis  of  the  Masticometer  curve. 


l 

j  Distance 

10.0 

from  lowest  position 

20.0 

for  mm  eccentricity 

30.0 

0 

0.0 

mm  0.0 

0.0 

9 

0.1 

0.2 

0.3 

18 

0.4 

0.8 

1.1 

27 

1.0 

1.8 

2.4 

36 

1.7 

3.2 

4-3 

45 

2.7 

5.0 

6.7 

54 

3.8 

7-0 

9.7 

63 

5*1 

9.4 

13.1 

72 

6.5 

12.1 

16.9 

81 

8.0 

15.1 

21.2 

90 

9.5 

18.2 

25.8 

99 

11.1 

21.3 

30.6 

108 

12.7 

24.5 

35-5 

117 

14.2 

27.6 

40.3 

126 

15.6 

30.6 

44-9 

135 

16.8 

33.2 

49.1 

144 

17.9 

35-6 

52.9 

153 

18.8 

37-4 

55-8 

162 

19.4 

38.5 

58.1 

171 

19.9 

39-8 

59.5 

180 

20.0 

40.0 

60.0 

Punch  distance  from  lowest  position ,  mm 
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LOWEST  POSITION 
OF  PUNCH 


I 
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shown  in  Table  3  and  Fig.  10.  A  small  aloviation  of  "tiro  standard  from 
the  theoretical  curve  was  observed,  due  probably  to  mechanical 
reasons.  This  deviation  points  to  the  necessity  of  establishing  a 
standard  curve  with  any  new  instrument,  as  well  as  with  any  new 
sample  holder  on  the  bottom  plate.  On  the  basis  of  Pig.  10,  a  work¬ 
ing  table  of  Norn  PD/ECC  vs.  1  values  was  made,  and  this  served  for 
the  calculation  of  the  thickness  of  all  floods,  except  of  the  special 
sandwich  samples  processed  by  NLABS.  The  thickness  of  these  samples 
exceeded  the  maximum  value  covered  by  the  standard  qurve,  and  it 
was  measured  directly  with  a  micrometer. 

Determination  of  food  hardness  at  different  points  of  a  chewing, 
cycle  from  a  single  Masticometer  curve. 

In  addition  to  the  above  mentioned  method  for  the  calculation 
of  sample  thickness,  the  graphical  analysis  of  the  curve  makes  it 
possible  to  determine  accurately  the  depth  of  punch  penetration  into 
the  food  at  any  point  r^ ,  rg,  Ty  etc., of  the  chawing  cycle  (Fig.  9)- 
Correspondingly,  the  experimental  top  curve  may  serve  for  the  cal¬ 
culation  of  the  force  exerted  by  the  punch  at  any  point  r^ ,  Tg,  r^ 
etc;,  on  the  basis  of  the  distances  of  these  points  from  the  base 
line.  As  a  result,  a  complete  profile  of  hardness  at  different  points 
within  one  chewing  cycle  can  be  made  using  a  single  experimental  curve. 
This  may  substantially  reduce  the  necessary  number  of  replicate  measure¬ 
ments  for  texture  work.  In  the  Denture  tenderometer  of  Proctor  et  al. 
(79-81)  a  "texture  profile"  was  represented  by  the  characteristic  loop 
on  the  oscilloscope  screen.  This  loop  also  needed  a  certain  analysis 
in  order  to  express  it  in  terms  of  hardness  at  different  points  of 
the  chewing  cycle.  In  the  present  Report,  this  application  of  the 
Masticometer  punch  curve  was  not  tested  on  the  experimental  food 
samples.  Instead,  separate  experimental  curves  were  obtained  in  suf¬ 
ficient  number  of  replicate  measurements  at  different  penetration 
depths.  This  approach  was  selected  in  view. of  the  textural  heterogen¬ 
eity  of  meat,  and  of  the  fact  that  the  above  graphical  analysis  was 
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Table  3.  Examples  of  the  calculation  of  sample  thickness  by  graphical  analy¬ 
sis  of  the  Masticometer  curve 


Material 


Laufer  333 


Artgura  250 


Penetration 

Nc. 

Remaining 
depth,  mm 

Thickness 

ram 

Nora  PD/ECC 

1 

6.00 

10.728 

10.722 

10.715 

10.697  10.716 

62.8 

0J4715 

2 

6.00 

10.620 

10.617 

10.619 

10.624  10.620 

63.9 

0.4620 

3 

6,00 

11.024 

1 1 .003 

11.009 

10.009  10. 761 

61 .8 

5.009 

4 

3.00 

10.710 

10.713 

10.740 

10.670  10.708 

53.0 

0.7709 

5 

3.00 

10.748 

10.758 

10.798 

10.745  10.762 

53.0 

0.7762 

1 

6.00 

15.536. 

15.545 

15.545 

15.535  15.540 

47.5 

0.9540 

2 

6.00 

15.559 

15.562 

15.569 

15.565  15.564 

48.0 

0.9563 

3 

10.5 

_ 1 

16.019 

16.005 

16.000 

15.994  16. '004 

60.5 

0.5504 
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Table  3.  continued 


Material 

Penetration 

No 

Remaining 
depth,  nn 

Thickness 

mm 

7  . 

rati 

lion  PD/ECC 

4 

10.5 

16,100 
16,120 
16,110 
16 ,120 

16.112 

60.0 

0.5612  | 

j 

i 

Magic  Rub 

1 

12.093 

1 2 .006 
12.871 
12.075 

12,881 

56.2 

0,68*1 

2 

6,00 

12.849 
12.846 

12.849 

12.850 

12.848 

56.2 

0.6848 

3 

6.00 

13.581 

13.574 

13.580 

13.607 

13.586 

53.1 

7.586 

4 

9.00 

11.226 
11.227 
11.' 231 
11,224 

11.227 

73.5 

0.2227 

5 

9.00 

11.223 
11,219 
11.218 

11.224 

11.221 

73.0 

0.2221 

Pelican  special 
16 

1 

9.00 

20.168 

20.165 

20.169 

20.164 

20.166 

44.5 

1.1166 

2 

9.00 

20,128 

20.132 

20.105 

20.132 

20.124 

45.6 

1.1124 

3 

15.00 

_ 

19.655 

19,677 

19.681 

19,670 

19.671 

68.0 

. 

0.4671 

. 
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Tabic  3  continued 
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still  under  investigation  while  other  phases  of  this  work  were 
underway. 

Calibration  of  beam  deflection  and  of  instrument  force  in  terms 
of  kilograms 

The  relationship  between  force  in  kg  and  mm  beam  deflection 
was  found  by  suspending  a  series  of  weights  from' the  hook  of  the 
rectangular  metal  link  of  the  beam,  and  measuring  the  deflection  of 
the  beam  with  a  high  sensitivity  micrometer.  A  great  number  of  such 
measurements  gave  a  practically  straight  line  relationship  between 
force  and  beam  deflection,  with  an  average  of  16.35  kg  force  per 
millimeter  beam  deflection. 

The  relationship  between  force  in  kg  and  instrument  force 
KR,  was  found  b  y  using  kg  weights  in  the  same  manner  as  above,  and 
measuring  the  deflection  of  the  recorder  pen,  at  a  certain  micro- 
strain  and  attenuator  setting.  The  results  are  shown  in  Table  4» 

Textural  parameters  as  measured  by  the  Masticometer 

Fig.  11  shows  schematically  two  curves  recorded  consecutively 
by  the  Masticometer,  and  representing  the  first  (area  A-))  and  second 
(area  A2)  chewing  cycles  on  the  same  food  sample.  Small  peaks  p 
represent  the  time  when  the  punch  was  at  its  uppermost  position, 
whereas  the  vertical  dashed  lines  within  each  experimental  peak 
represent  the  time  when  the  punch  was  at  its  lowest  position.  In  this 
Report,  the  following  textural  parameters,  derived  from  the  Mastico¬ 
meter  curve,  were  useds 

Hardness-  This  is  the  maximum  force  exerted  by  the  punch  on 

the  food  during  penetration.  The  force  can  be  expressed  in  relative 

instrument  units  KR  for  the  size  of  punch  used,  or  in  terms  of  kg/ 

2 

cm  .  The  KR  value  is  found  by  multiplying  the  maximum  height  H  in  mm 
of  the  first  peak  A-|  by  the  factor  F  »  microstrain/attenuators 


KR  =  H  x  F 


am  for  the  evaluation  of  hardness,  cohesiveness,  and  "crushability  index". 


p  =  uppermost  position  of  punch 

H  =  height  of  first  peak;  A-j  and  A2  =  total  surface  areas  of  first  two  peaks 

As  =  surface  area  of  second  part  of  first  peak  (i.e.,  the  part  recorded  after 
the  punch's  passing  of  ixs  lowest  positioi);  A  =  A;  nu-iius  2AS. 
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2 

The  hardness  HR  in  lcg/cm  is  found  by  multiplying  KR  by  the 

_2 

conversion  factor,  1.446  x  10  ,  and  dividing  the  product  by  the 

2 

cross-sectional  area  "a",  in  cm  ,  of  the  punch! 

HR  =  KR  x  1.446  x  ICf2  x  a-1 
-2 

The  conversion  factor  1.446  x  10  represents  the  number  of  kg 
per  unit  KR,  and  it  was  found  experimentally  as  in  Table  4* 

Cohesiveness.  This  is  the  ratio  of  the  area  under  the  peak 
to  the  area  under  peak  A^ ,  as  measured  by  a  planimeter.  It  is 
conveniently  expressed  in  percent  cohesiveness,  %  C! 

.  Area  A0 

$  C  =  _ L. 

Area  A^ 

The  above  mentioned  parameters  are  among  those  investigated 
by  Szczesniak  (99?  100?  103?  104)  in  connection  with  the  General 
Roods  Texturometer,  and  they  are  equally  applicable  to  the  Mastico- 
meter.  In  addition,  Drake  (27)  discussed  a  texture  parameter  which 
he  called  "crushability  index",  according  to  the  following  examina¬ 
tion  of  the  Masticometer  curve  (Fig.  11). 

When  the  punch  in  its  downward  movement  penetrates  the  food 
and  reaches  its  lowest  position,  indicated  by  the  dashed  vertical 
line  in  curve  A-| ,  a  certain  amount  of  work  is  being  put  into  the 
material.  When  the  punch  in  its  upward  movement,  beginning  from 
the  dashed  vertical  line  toward  the  right,  rises  to  the  surface  of 
the  food,  a  certain  amount  of  this  work  is  being  recovered.  The 
area  Ag  corresponds  to  this  recovered  work,  and  represents  the 
elastic  behavior  E  of  the  food.  (The  words  "corresponds", 

"represents"  and  "behavior"  are  purposely  used  here,  because  mechani¬ 
cal  work  is  the  product  of  force  and  distance,  whereas  the  Mastico¬ 
meter  area  under  the  peak  is  the  plot  of  force  vs.  time).  If  area 
A  is  mirrored  to  the  left,  area  (A  )  results.  The  difference  A 
between  total  area  A^  and  2Ag  represents  the  crushing  or  non-elastic 


Table  4.  Values  obtained  in  the  calibration  of  the 


— — — — — — ^ 

Weight 

kg 

r "  —  ~  '  ~  ■  -  - 

Instrument 

setting 

Height,  H  on 
strip  chart 
mm 

microstrain 

attenuator 

5 

100 

60 

1.67 

205.0 

10 

1 

300 

90 

3.33 

208.5 

I  15 

300 

60 

5.00 

209.0 

20 

300 

50 

6.00 

231.8 

i  25 

300 

40 

7.50 

229.0 

!  Mean 

- 

- 

Masticometer  by  static  loading  of  beam 


Force 
(H  x  F) 

i/kr 

kg-/KR 

— 

KR/kg 

342 

2. 92 3x1 0-3 

1. 460x1 0“2 

68.4 

694 

1.430x10“ 3 

1. 440x1 0“2 

69-4 

1045 

0.97 5x1 0“3 

1. 436x1 0“2 

69.7 

1391 

0.719x10“'3 

1. 438x1 0“2 

69. 6 

1718 

0.582x10“3 

1. 455x1 0~2 

68.7 

- 

1. 446x1 0-2 

69.2 

o 
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behavior  of  the  food  which  expressed  as  the  ratio  of  a  to  A0  is 
the  "crushability  index"  Cl: 

Cl  =  A/As 

In  this  Report,  the  sum  of  the  crushing +  2x(elastic  behavior)  is 
called  the  "total  texture  behavior"  £  of  the  food: 

£  =  A  +2E 

II.  PRE-COOKED  FREEZE-DRIED  BEEF  PROCESSED  BY  S.I.K. 

Types  of  samples,  and  processing 

As  stated  previously,  the  main  purpose  of  this  research 
was  to  study  the  effect  of  different  conditions  of  moisture  content- 
water  vapor  equilibrium  on  the  textural  properties  of  certain 
special  foods,  and  particularly  of  pre-cooked  freeze-dried  meat. 

In  this  latter  case,  it  was  necessary  to:  (a)  obtain  a  sufficient 
number  of  samples  of  similar  textural  characteristics  within  each 
group,  and  of  different  textural  characterirtics  between  groups, 
in  order  that  a  meaningful  statistical  design  could  be  applied; 

(b)  control  the  thickness  of  each  sample,  in  order  to  insure 
comparable  cooking  treatment  of  all  pieces  and  to  facilitate 
testing  by  the  Ma,sticometer;  and  (c)  control  the  temperature  of 
cooking  within  each  sample,  by  controlling  the  temperature-time 
variable  and  the  dimenrions  of  each  sample.  Item  (c)  was  considered 
essential  in  view  of  the  important  effect  of  cooking  on  the  textu¬ 
ral  properties  of  meat  (105). 

To  satisfy  these  requirements,  meat  of  the  semimembranosus 
muscle  from  the  left  and  right  sides  of  four  beef  animals,  of  a 
grade  corresponding  to  "U.S.  Good",  was  selected  and  processed  by 
the  Pilot  plant  of  S.I.K.  The  animals  had  the  following  characteris¬ 
tics: 
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Animal  I,  about  two  years  old,  meat  13.2%  fat  on  dry  basis 
Animal  II,  about  five  years  old,  meat  16.0 %  fat  on  dry  basis 
Animal  III,  about  two  years  old,  meat  I.C/fo  fat  on  dry  basis 
Animal  IV,  about  five  years  old,  meat  17*3$  fat  on  dry  basis 
In  order  to  obtain  uniform  thickness  of  the  experimental  samples, 
the  following  procedure  was  selected; 

The  raw  meat  was  frozen  in  a  freezer  chamber  maintained  at 
-  30°C  for  17  hours.  Each  muscle  was  then  cut  into  16  consecutive 
slices  of  10  mm  thickness,  numbered  1  to  16.  Each  of  these  slices 
was  cut  into  three  pieces,  coded  a,  b  and  c,  using  the  sharp  end 
of  a  steel  cylinder.  Samples  a  and  b  were  whole  circular  pieces  of 
approximately  4  cm  diameter,  and  they  were  used  for  the  actual 
experimental  work.  Pieces  c  were  the  remaining  fragments  of  the 
slice  and  were  used  only  for  the  preliminary  setting  of  the  con¬ 
trols  of  the  Masticometer,  before  testing  of  the  pieces  a  and  b. 

The  above  pieces  were  cooked  at  the  Experimental  Kitchens 
of  S.I.K.  by  immersion  in  water,  using  a  water  bath  which  was 
thermostatically  controlled  within  ±  0.5°C.  The  temperature  of  the 
samples  was  measured  by  thermocouples  embedded  into  th'S  center  of 
the  meat.  The  cooking  was  stopped  when  the  following  temperatures 
were  reached; 


Meat 

pieces 

from 

animal 

I; 

77°C 

w 

ft 

ft 

It 

II; 

66°C 

ft 

ft 

tt 

fl 

III; 

77°C 

ft 

ft 

ft 

ft 

IV; 

68°C 

The  above  cooking  treatments  were  selected  in  an  effort  to  accen¬ 
tuate  textural  differences  due  to  the  age  of  the  animals,  and  to 
therefore  produce  a  wide  range  in  the  individual  textural  para¬ 
meters  to  be  measured.  Samples  I  and  II  were  tested  only  by  the 
Masticometerj  samples  III  and  IV  were  tested  by  both  the  Mastico¬ 
meter  and  a  specially  trained  sensory  panel.  In  this  latter  case, 
the  lowest  cooking  temperature  of  66°C  (samples  II)  was  raised 
to  68°C  (samples  IV),  in  order  to  facilitate  acceptance  for  testing 
by  the  panel. 
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After  cooking,  the  meat  pieces  were  placed  in  labelled 
aluminum  receptacles,  and  they  were  refrozen  in  a  freezer  cham¬ 
ber  maintained  at  -30°C  for  17  hours.  (Although  this  double 
freezing  was  not  representative  of  normal  commercial  practice,  it 
was  considered  necessary  in  order  to  obtain  samples  of  uniform 
thickness  before  cooking). 

The  dehydration  of  the  frozen  samples  was  done  in  a 
"Kylteknik"  laboratory  model  freeze  drier.  The  plate  temperature 
was  100°C  at  the  beginning,  and  it  gradually  dropped  to  40°C  at 
the  end  of  the  drying  period.  The  maximum  surface  temperature  of 
the  food  was  40°C  and  the  maximum  ice  temperature,  as  determined 
by  thermocouples  embedded  into  the  frozen  part  of  the  food,  was 
-25°C.  The  pressure  inside  the  vacuum  chamber  was  0.1  mm  Hg  at 
the  beginning,  and  0.01  mm  Hg  at  the  end.  The  freeze  drying  time 
was  approx.  10  hours,  which  resulted  in  less  than  1.2$  residual 
sample  moisture.  At  this  Btage,  the  vacuum  was  broken  with  nitrogen, 
and  the  samples  were  taken  out  in  air  and  packaged  in  laminated 
foil  pouches  under  nitrogen,  until  ready  for  equilibration.  Pig.  12 
shows  a  number  of  the  dehydrated  meat  samples  which  were  used  for 
the  experimental  work. 


Equilibration  of  meat  samples  at  different  moisture  content.,  water 
vapor  equilibrium  conditions. 


The  selection  of  equilibrium  conditions  for  the  meat  samples 
was  based  on  the  moisture  sorption  isotherm,  taking  under  considera¬ 
tion  anticipated  conditions  of  storage  and  utilization  of  these 
special  foods.  An  effort  was  made  to  cover  main  points  of  the  iso¬ 
therm  below,  at,  and  above  the  B.E.T.  monomolecular  layer  of  water, 
without  exceeding  the  lowest  limit  of  growth  for  most  micro¬ 
organisms.  The  conditions  selected  were  equilibration  under  reduced 
pressure  in  desiccators  at  20°C,  under  0,  12,  23  and  66$  R.H. , 
using  Mg  (ClO^)^,  and  saturated  solutions  of  LiCl,  CH^COOK  and 
NH^NO^,  respectively.  The  desiccators  were  evacuated  to  a  pressure 
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close  to  that  of  the  corresponding  constant  R.H.  medium. 

The  meat  samples  were  distributed  over  the  different 
humidities  according  to  Tables  5  and  6.  The  purpose  for  this 
sample  distribution  was  toj  (a)  discount,  as  much  as  possible, 
textural  variability  due  to  location  of  the  meat  within  the  muscle 
of  each  animal,  (b)  ensure  testing  by  the  Masticometer  at  diffe¬ 
rent  penetration  depths,  whereby  the  rheological  behavior  of  meat 
through  complete  chewing  cycles  could  be  studied,  and  (c)  ensure 
a  sufficient  number  of  replicate  measurements,  whereby  the  effect 
on  texture  of  the  relative  humidity  could  be  statistically  analyzed. 

Periodically  upon  storage,  the  loss  or  gain  in  moisture  by 
the  samples  was  determined  by  weighing.  Equilibration  was  practi¬ 
cally  complete  after  about  2jr  months.  However,  the  samples  were 
not  tested  by  the  Masticometer  until  a  total  of  5^-  months  under 
the  above  conditions.  This  time  allowed  for  the  first  "setting"  in 
texture,  which  is  normally  experienced  in  meat  upon  storage.  All 
instrumental,  sensory  and  other  measurements  performed  on  the 
samples  reflect  textural  characteristics  under  these  realistic 
conditions.  (The  rheological  properties  of  meat  as  affected  by 
moisture  immediately  upon  processing  are  of  morp  theoretical 
interest,  and  they  may  form  the  subject  of  useful  supplementary 
studies  to  the  present  work  in  the  future). 

Rehydration  Behavior 

The  meat  was  rehydrated  in  distilled  water  at  27°C  for  20 
minutes.  The  samples  were  placed  on  the  surface  of  the  water,  and 
they  were  allowed  to  absorb  water  and  gradually  sink  by  their  own 
weight.  After  20  minutes,  they  were  removed  from  the  water,  excess 
moisture  was  removed  by  blotting  on  brown  paper,  and  the  meat  was 
weighed  on  a  torsion  balance.  Results  are  expressed  as 

(a)  %  total  moisture  on  Non-fat  dry^.F.D.)  matter 


g„  total  moisture 
g,  non-fat  dry  matter 


x  100 


Table  5.  Systematic  distribution  over  different  relative  humidities 


of  samples  from  semimembranosus  muBcle,  S.I.K.  I  and  II 


L=left  Bide  of  muscle,  R=right  side  of  musclej  a,  b=pieces  of  same  slice 
*  =  0%  R.H.  /Mg  (C104)2/ 

+  =12/,  R.H.  /LiCl/ 

o  =23/  R.H.  /CH^OOK/ 
x  =66/  R.H.  /NH4N03/ 

_  D4  =  depth  of  penetration,  each  measurement  in  duplicate  on  the  dry 
sample.  Bach  Bample  was  subsequently  rehydrated  and  penetrated  in  duplicate 
at  the  corresponding  etc.  level. 
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Tabic  6.  Systematic  distribution -over ' different  rolatave  humidities. of 
samples  from  semimembranosus  muscle.  S.I.K.  Ill  and  IV. 
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L  =  left  side  of  muscle,  R  =  right  side  of  muscle,  a,  b  =  pieces  of  same  slice 
*  =  0  %  R.H.  /Mg  (C104)2/ 

+  =12  io  R.H.  /LiCl/ 
o  =23  %  R.H.  /CH^OOK/ 
x  =66  %  R.H.  /NH4N03/ 

=  depth  of  penetration,  each  measurement  in  duplicate  on  the  dry  sample. 
Each  sample  was  subsequently  rehydrated  and  penetrated  in  duplicate  at  the 
corresponding  D1 ,  level 
S  =  Sensory  evaluation  of  the  dry  sample 
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(b)  coefficient  of  weight  restoration  (x  100) 

r  of  meat  after  rehydration  x  iqo 
('  of  meat  before  rehydration 

III.  RAW  FREEZE-DRIED  BEEF  PROCESSED  BY  S.I.K. 

Although  the  study  of  the  textural  quality  of  raw  freeze- 
dried  beef  waB  not  included  in  the  proposal  originally  submitted 
for  this  Fellowship,  certain  experiments  were  considered  desirable. 
Exact  knowledge  of  comparative  textural  characteristics  of  raw 
freeze-dried  meat  in  the  dry  and  reconstituted  states  is  missing, 
especially  with  regard  to  the  methodology  applied  in  this  Report. 
Such  knowledge  may  lead  to  further  research  on  the  objective 
measurement  of  the  textural  parameters  of  raw  freeze-dried  meat, 
a  product  of  considerable  military  importance. 

The  meat  was  representative  of  semimembranosus  muscle  with 
8  %  fat  on  dry  basis,  from  an  animal  2-3  yearB  old,  of  a  grade 
corresponding  to  U.S.  Good.  It  was  processed  by  the  Pilot  plant  of 
S.I.K. ,  by  first  freezing  in  a  freezer  chamber  at  -  30°C  for  17 
hours,  and  then  dehydrating  under  the  same  conditions  as  for  the 
pre-cooked  meat.  The  samples  were  packaged  in  pairs  of  rectangular 
or  kidney-like  slices,  of  approximate  maximum  dimensions  70x40x10 
mm,  in  laminated  foil  pouches  under  nitrogen.  This  meat  was  tested 
by  the  Masticometer  in  the  dry  (l  $  moisture  on  N.F.D.  basis)  and 
in  the  reconstituted  state,  with  no  intermediate  humidity  conditions 
studied.  Each  slice  was  cut  in  half,  one  piece  serving  for  measure¬ 
ments  on  the  dry  and  the  other  for  measurements  on  the  rehydrated 
material. 

IV.  SPECIAL  DEHYDRATED  FOODS  SUPPLIED  BY  THE  U.S.  ARMY  NATICK 
LABORATORIES  (NLABS) 

Research  work  on  these  foods  was  also  not  planned  in  the 
original  proposal.  The  textural  characteristics  of  such  special 
foods  as  affected  by  the  moisture  content  -  water  vapor  equilibrium, 

i 

I 

•  I 
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were  largely  unknown,  and  the  other  work  on  this  Fellowship  pro¬ 
vided  a  good  opportunity  for  an  additional  study.  Those  foods  arc 
used  mainly  for  space  feeding,  and  detailed  accounts  on  their 
processing,  usos  and  other  aspects  have  boon  published  recently  in 
the  literature  (46,  54,  83). 

The  foods  were  supplied  by  NLABS,  packaged  under  nitrogen 
in  cans  of  different  sizes.  They  included  the  following  itemss 
Beef  sandwich  uncoated 

Chicken  Bandwich  " 

Cheese  sandwich  " 

Chicken  bites  " 

Melba  toast  " 

Of  the  above  items,  the  melba  toast  was  exceedingly  hard, 
and  impossible  to  chew  by  a  sensory  panel.  This,  and  certain  other 
foods  not  mentioned  in  the  above  list,  were  excluded  from  texture 
measurements.  The  special  foods  were  equilibrated  under  the  same 
relative  humidity  conditions  which  were  described  for  the  pre¬ 
cooked  freeze-dried  beef  processed  by  S.I.K. ,  i.e.  0,  12,  23  and 
66  $  R.H.  at  20°C. 

V.  PRE-COOKED  DEHYDRATED  BEEF  PROCESSED  BY  NLABS 

This  meat  was  processed  by  the  Animal  Products  Branch  of 
NLABS  under  three  different  dehydration  procedures,  viz.  freeze- 
drying,  air- drying,  and  freeze-desiccation(Dunston  process).  It 
included  "U.S.  Good"  rib  eye,  and  "U.S.  Commercial"  boneless  top 
round.  All  meat  was  trimmed  of  fat  and  connective  tissue,  and  it 
was  cooked  by  steam  at  a  pressure  of  6  Ibs/sq.in.  Table  7  describes 
the  types  of  meat  used  and  the  processing  methods  followed. 

After  cooking,  the  meat  was  cooled  and  sliced  by  an  electric 
slicer  to  1/4  inch  thick  pieces.  Freeze-drying  (lots  1,  2,  5  and  1A) 
was  done  by  using  130°F  final  plate  temperature,  to  about  1  $ 
residual  moisture.  Air  drying  (lot  4)  was  done  at  14  $  R.H.  and 
135°F  dry  heat,  for  20.5  hours, to  9*5  1°  residual  moisture.  Each 


Table  7'.  Pre-cooked  dehydrated,  meat 


U.S.  !  U.S. 
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rib  eye  muscle  from  lots  1  and  3  was  separated  into  two  half 
portions.  One  half  of  lot  1  (designated  3A)  was  dehydrated  as  lot 
3  by  freeze-desiccation  'Dunston  process),  while  the  other  half 
(designated  l)  was  freeze-dried.  One  half  of  lot  3  (designated  1A) 
was  freeze-dried,  while  the  other  half  (designated  3)  waB  freeze- 
desiccated.  The  meat  samples  were  packaged  in  four  No  2 jg  cans 
under  nitrogen. 

The  above  samples  were  processed  by  NLABS  on  request  by  the 
recipient, soon  after  the  award  of  this  Fellowship,  in  order  that 
maximum  utilization  of  time  upon  arrival  in  Sweden  could  be  made. 
However,  when  the  cans  were  opened  at  S.I.K. ,  most  slices  were 
found  fragmented  into  pieces,  and  the  individuality  of  each  sample 
as  to  the  position  in  the  muscle,  uniformity  of  cooking,  thickness 
and  other  factors  was  lost.  All  these  aspects  were  important  with 
regard  to  the  statistical  design  and  the  information  sought  for  in 
the  present  study.  It  was  therefore  decided  to  process  a  new  series 
of  samples  by  the  Pilot  plant  of  S.I.K.  As  described  earlier  in 
this  Report,  the  S.I.K.  processed  samples  constitute  the  main 
experimental  material  of  this  work.  However,  the  samples  pro¬ 
cessed  by  NLABS  were  also  equilibrated  and  fully  tested  by  the 
Masticometer  under  conditions  similar  to  those  applied  for  the 
S.I.K.  sample  series.  The  Masticometer  parameters  of  the  NLABS 
samples  were  calculated  on  the  basis  of  more  than  500  different 
curves,  and  the  data  were  filed  for  future  analysis  and  inter¬ 
pretation.  It  is  possible  that  meaningful  results  can  be  derived 
from  these  data,  if  properly  analyzed  and  interpreted. 

VI.  DETERMINATION  OF  MOISTURE  SORPTION  ISOTHERMS 

Moisture  sorption  isotherms  were  determined  for  all  foods 
at  4°j  10°,  15°,  20°,  and  30°C,  using  the  weight  equilibrium 
method.  This  method  was  best  suited  to  the  time  schedule  of  this 
Report,  and  to  the  necessity  of  using  larger,  representative 
samples  of  the  highly  heterogeneous  materials  (sandwiches,  etc.) 
of  this  study.  For  this  purpose,  about  5  g  quantities  of  ground 
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food,  in  weighing  bottles  were  equilibrated  inside  desiccators  at 
the  desired  temperature,  using  HgSO^  solutions  of  different  speci¬ 
fic  gravity,  Mg(C10^)g  and  saturated  salt  solutions,  as  shown  in 
Table  8.  The  values  of  %  relative  humidity  corresponding  to  the 
R.H.  controlling  media  were  taken  from  the  literature  (47,  74 *  07* 
112),  except  for  the  saturated  NH^NO^  solution,  whose  %  R.H.  at 
the  different  temperatures  was  determined  by  NLABS.  A  mechanical 
pump  was  used  to  evacuate  the  air  in  the  desiccators  and  reduce 
the  vapor  pressure  to  a  level  close  to  that  provided  by  the  corres¬ 
ponding  constant  relative  humidity  medium.  Periodically,  the 
samples  were  weighed  on  an  analytical  balance  until  equilibrium 
was  reached,  which  usually  necessitated  between  three  and  five 
weeks.  After  equilibrium,  the  moisture  and  fat  content  of  each 
sample  'were  determined  by  the  Analytical  Laboratory  of  S.I.K. , 
using  the  17-hours  vacuum  oven  method  for  moisture,  and  the  6-hour 
diethyl  ether  Soxhlet  extraction  method  for  fat.  (Analytical  measure 
ments  after  equilibrium  independently  for  each  sample  were  decided, 
since  a  100°C  standard  oven  moisture  method,  applied  before 
equilibrium,  gave  too  high  results  for  the  calculation  of  the 
final  moisture  contents  by  difference  in  weight).  The  specific 
gravities  of  the  HgSO^  solutions  were  also  determined  after 
equilibrium,  and  the  relative  humidities  corresponding  to  these 
values  were  used  for  the  plotting  of  the  moisture  sorption  isotherms 

VII.  CALCULATION  OF  PHYSICO-CHEMICAL  VARIABLES 

On  the  basis  of  the  moisture  sorption  isotherms,  determined 
at  the  temperatures  mentioned  above,  the  following  work  was  pei>- 
formed: 

l)  Calculation  of  the  B.E.T.  value  for  a  monomolecular 
layer  of  water,  according  to  the  B.E.T.  equation  (l,  7*  8) 


Table  8.  Values  of  %  relative  humidity  used  for  the  determination  of  moisture  sorption  isotherms 


Temperature 

R.H.  controlling 
agent 
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I5°c 

20°C 

33°C 

Mg(C104)2 

0 

0 

0  1 
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- 7—2 - - -  =  _ 1 -  +  _ - P_ 

a  (p0  -  p)  ai  *  c  a1  •  c  P0 

t 

(equation  l) 

where  t 

a  =  g  of  water  per  lOOg  dry  solids  at  moisture  vapor 
pressure  p, 

p0  =  vapor  pressure  of  pure  water  at  the  same  temperature, 
o  =  constant  related  to  the  heat  of  adsorption, 
a)  =  g  of  water  equivalent  to  the  monomolecular  layer  ad¬ 
sorbed  on  100  g.  of  dry  solids. 

In  this  Report  the  following  convenient  form  of  the  B.E.T. 
equation  was  used  (88) 

a  (100  -  B) -  =  I  +  S  •  R  (equation  2) 


where  s 

R  =  percent  relative  humidity 
a  =  defined  as  above 

I  =  y-axis  intercept,  and  S  =  slope  of  the  straight  line  . 

plot  of  R  against  R. 

a  (100  -  R) - 

i 

The  value  of  a-)  of  the  monomolecular  layer  was  calculated 
by  the  equations 

ai  =  '  ~l'~+~l'oo"s"  -  (equation  3) 

On  the  basis  of  the  B.E.T.  monomolecular  layer  of  water, 

the  surface  area  was  calculated  (4,  5»  61,  76,  92),  using  the 
2 

value  of  10.8  A  as  the  cross-sectional  area  of  the  water  molecule. 

2)  Calculation  of  the  Fugassi  constants  A,  K,  and  K>| ,  on 
the  basis  of  the  Fugassi  isotherm  equation  (32-34,  58 >  73,  77), 
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Ho  =2 

i 

I 


AKK-J  P0C 

1  [(^Po  -  1)  C]  (1  -  C)  +  KK^C 

(equation  4) 


where: 

We  =  weight  of  water  sorbed  at  relative  pressure  C, 

A  =  total  number  of  sorption  sites,  one  sorbate 
molecule  per  site, 

K  =  equilibrium  constant  for  the  transfer  reaction  from 
the  surface  to  the  interior  of  the  sample, 

^1  =  equilibrium  constant  for  the  sorption  from  the  vapor 
phase  onto  the  surface, 

P0  =  saturation  vapor  pressure, 

C  =  relative  vapor  pressure  =  P/P0 

This  equation  has  three  independent  variables  for  a  given 
i system,  A,  K,  and  ,  which  are  defined  in  the  following  way: 


_C 

Tie 


a  +  bC  -  yC2 


(equation  5) 


where: 


AKKlPo 


(equation  6) 


b  =  ”^0  *  KlV2  (equation  7) 

and 

Y  -  K1Po  ^ _  (equation  8) 

AKK..P 
1  o 


Simultaneous  solution  of  a  set'  of  three  equations  like  eq. 

5  leads  to  values  of  a ,  b  and  y  .  The  three  isotherm  parameters 
are  then  obtainable  through  the  relationships 
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(equation  9) 


A  =  1 

a  +b  -  y 

K  =  — a  . t  ^  ^ —  (equation  10) 

a  +  y 

and 

K.=  (  — +  1 )  /p  •  (equation  11) 

i  a  o 

The  above  Fugassi  constants  were  calculated  by  a  high 
speed  computer  at  the  Data  Analysis  Branch  of  the  U.S.  Army 
Natick  Laboratories.  The  computer  program  was  kindly  supplied  by 
Dr.  N.  Laine  of  the  Melpar  Company,  Falls  Church,  Virginia  (58). 

3)  Calculation  of  the  partial  molal  heat  of  sorption  A  H 
according  to  the  Clausius  -  Clapeyron  equation 


lnP  =  =2L-  .  +  C 


(equation  12) 


where  p  is  the  partial  vapor  pressure  of  water  at  temperature 

T  within  the  range  of  interest,  and  R  the  gas  constant.  In 

practice,  isosteric  values  of  p  on  a  log  scale  were  plotted 

against  1  on  a  linear  scale,  using  the  data  from  the  isotherms 
T 

at  different  temperatures.  The  slope  of  any  isostere  is  equal  to 
-  AH  / 2.3  R.  The  AH  obtained  from  this  plot  is  the  sum  of 

AHadsorption  +  A  ^condensation  °l  wa‘ter*  The  AHne-t;  was 
obtained  by  subtracting  the  ^condensation  from  the  aH  value 
of  the  above  plot. 

The  net  integral  heat- -change  was  calculated  ( 1 8 ,  22)  using 


the  equation; 

RT,T„ 

r' n- 

X. 

A  H  =  12 

/  i 

*  dn  (equation  13) 

T  -  T 

l  " 

X2 

where  x^  is  the  relative  vapor  pressure  at  the  higher  temperature 
Tg  which  produces  the  same  number  of  moles  of  water  sorption  as  at 


the  lower  temperature  for  whioh  applies. 


4.  Calculation  (9)  of  the  partial  molal  free  energy  change 
as  follows! 

A  G  =  jJlL.  «  RT  In  x  (equation  14) 

dn 

The  integral  free  energy  change  for  water  vapor  accompany¬ 
ing  the  sorption  process  was  calculated  ( 1 8 ,  22)  using  the 
equation: 

A  G  =  -  RT 


n  d  In 


(p/p0) 


(equation  15) 


where  n  is  the  number  of  moles  of  water  sorbed  per  100  g  of  non¬ 
fat  dry  matter.  In  this  process  p/pQ  is  considered  the  independent 
variable. 

The  integration  of  the  right-hand  side  of  the  above  equation 
was  carried  out  as  follows! 


■  1 


-1 


n  d  In  (p/p  )  - J  n  p  /p  •  d  (p/p  )  (equation  16) 

'o  yo 


A  plot  of  n  PQ/p  vs  p/pQ  was  made,  and  the  total  area 
under  the  curve  multiplied  by  RT  gave  the  integral  free  energy  of 
sorption. 


5)  Calculation  of  the  corresponding  entropy  changes  A  S 
and  A  S  as  follows! 


as  =  (ah-ao)/t 

(equation  17) 

as  =  (ah-ao)/t 

(equation  18) 
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SENSORY  EVALUATION 

The  sensory  evaluation  work  was  conducted  by  the  staff  of 
the  Experimental  Kitchens  of  S.I.K.,  and  it  applied  to  the  pre¬ 
cooked  freeze-dried  beef  S.I.K.  Ill  and  IV  sample  series. 

Training  of  the  sensory  panel  and  design  of  experiments  on 
sensory  evaluation 

Eight  subjects  were  asked  to  participate  in  the  sensory 
evaluation.  Of  these,  only  two  had  some  previous  experience  in 
tasting  freeze-dried  meat  in  the  dry  state.  IA  order  to  get 
acquainted  with  this  new  product,  the  training  was  started  by 
merely  chewing  and  tasting  the  dry  samples,  without  rating  any 
properties  of  the  material.  After  a  number  of  sessions,  the 
panel  decided  that  it  would  be  meaningful  to  judge  the  hardness 
of  the  meat  by  biting  both  parallel  to  the  fibers  and  across 
them.  The  procedure  finally  selected  was  to  evaluate  the  hard¬ 
ness  by  (a)  biting  with  the  molars  over  a  piece  of  dry  neat  as 
it  was  (=parallel  to  the  fibers),  and  (b)  biting  with  the  in¬ 
cisors  across  a  bundle  of  fibers  taken  from  the  sample.  This 
bundle  of  fibers  was  about  3  mm  thick.  The  samples  were  rated  by 
using  a  9-point  unstructured  scale  with  the  end  points  "extreme¬ 
ly  difficult  to  bite  through"  to  "extremely  easy  to  bite  through", 
(cf.,  sheet  on  next  page). 

After  the  meat  had  been  rehydrated  in  the  mouth,  the  total 
impression  of  flavor  and  tenderness  was  rated  by  using  a  9-point 
scale  of  the  same  kind  as  the  one  used  for  hardness. 

For  each  one  of  the  above  mentioned  properties  "hardness 
parallel  to  fibers",  "hardness  across  fibers",  "flavor"  and 
"tenderness",  the  scale  divisions  were  given  numbers  from  1 
(left  end)  to  9  (right  end)  as  follows: 

123456789 

I - 1 - 1 - 1 - 1 - 1 - 1 - 1 - h 

Mean  values  of  scores  were  then  calculated  for  each  combi¬ 
nation  of  humidity,  judge  and  taste  session.  Differences  between 
these  mean  values  were  significance-tested  by  applying  Analysis 
of  Variance. 
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Example  of  instruction  sheet  with  rating  scales  for  the  sensory  evalua¬ 
tion  of  pre-cooked  freeze-dried  beef,  S.I.K,  Ill  and  IV, 

Type  s _  For  Date  1 9 

Judge _ Suasion:  Sample 

In  this  session  you  will  receive  samples,  of  which  this  is 
No.  a  The  samples  will  be  served  one  at  a  time.  The  taste 

testing  will  be  carried  out  according  to  the  attached  instructions 
and  the  scales  below, 

HARDNESS  BEFORE  REHYDRATION  IN  THE  MOUTH 

a)  When  you  bite  with  the  molars  paralled  to  the  fibers 

extremely  difficult 
to  bite  through 


extremely  easy 
to  bite  through 


t 


b)  When  you  bite  with  the  incisors  across  the  fibers 

extremely  easy 
to  bite  through 


extremely  difficult 
to  bite  through 


+ 


HEAT  EVOLUTION  DURING  REHYDRATION  IN  THE  MOUTH 

None  Insignificant  Evident  Very  evident 


PROPERTIES  AFTER  REHYDRATION  IN  THE  MOUTH 

a)  Flavor 

extremely 

bad 


extremely 

good 


I 


b)  Tenderness 

extremely 

tough 


extremely 

tender 

- - 1 


Sign: _ 

*  1 


Remarks: 


60 


At  the  training  sessions,  the  sensory  panel  noticed  that  the 
dry  meat  cauood  n  certain  evolution  of  heat  in  the  mouth  when  it 
was  allowed  to  rehydi'ate  with  the  saliva.  It  was,  therefore,  decided 
to  rate  the  amount  of  heat  evolved  during  mastication,  by  using  a 
scale  from  "no  heat  evolution"  to  "very  evident  heat  evolution",  as 
follows: 

0  =  none,  1  =  insignificant  2  -  evident  3  =  very  evident 

for  each  relative  humidity,  arithmetic  means  of  the  given 
scores  were  calculated  and  plotted  as  a  function  of  different 
variables. 

STATISTICAL  DESIGN  OF  INSTRUMENT  DATA 
S.I.K.  I  and  II  sample  series 

For  each  variable  investigated,  Analysis  of  Variance  was  performed 
on  sets  of  data  according  to  the  following  design  (cf.,  Tables  5  and  6) 


r  =  replicate,  other  letters  as  in  Tables  5  and  6 

In  the  statistical  analysis,  the  variance  for  all  factors  (H,  P 
and  D)  and  their  interactions  (HP,  HD,  PD,  HPD)  were  calculated  and 
tested  against  the  error  variance  (=mean  square  for  "within  replicates ll) . 
S.I.K.  Ill  and  IV  sample  series 

The  same  analysis  was  applied  as  above  but  the  number  of  depths  was  2 
instead  of  4. 

The  Analyses  of  Variance  were  all  done  on  the  basis  of  a  com¬ 
puter  program  by  the  I.B.M.  Data  Center,  Stockholm. 
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STATISTICAL  DESIGN  OP  SENSORY  DATA 

The  distribution  of  samples  used  in  the  sensory  evaluation 
was  given  in  Table  6,  which  also  explained  the  meaning  of  the 
four  code  signs  used.  As  shown  in  this  Table,  4  pieces  of  meat 
were  available  for  each  humidity  from  each  one  of  the  left  and 
right  muscle.  Each  piece  was  cut  into  two  parts,  which  provided 
twice  as  many  samples  for  sensory  evaluation. 

Pour  persons,  who  had  successfully  participated  in  all  the 
training  sessions,  were  chosen  as  a  sensory  panel.  The  order  in 
which  the  samples  were  served  in  each  taste  session  was  as  follows: 

S.I.K,  III  sample  series 


Taste 

session 

Order 

Judge  1 

of  serving  of  tl 

Judge  2 

le  samples  for: 

Judge  3 

Judge  4 

L 

R 

L 

R 

L 

R 

L 

R 

I 

II 

III 

IV 

*  + 

+  * 

0  X 

X  0 

O  X 

X  0 

*  + 

+  * 

+  * 

0  X 

X  0 

*  + 

X  0 

*  + 

+  * 

0  X 

0  X 

X  0 

*  + 

+  * 

*  + 

+  * 

0  X 

X  0 

X  0 

*  + 

+  * 

0  X 

+  * 

o  X 

X  0 

*  + 

S.I.K,  IV  Sample  series 


Taste 

session 

Order 

Judge  1 

_ 

Df  servir 

Judge 

g  of  the 

2 

samples  fors 

Judge  3 

Judge  4 

L 

* 

L 

R 

L 

R 

L 

R 

I 

II 

III 

IV 

1 

+  X 

o  * 

X  0 

*  + 

1 

1 

I 

+  * 

o  X 

*  o 

X  + 

For  each  one  of  the  S.I.K,  III  and  IV  sample  series,  slices  2  and  4 
from  both  the  left  and  right  mueoles  (cf. ,  Table  6),  were  used  for  taste 
session  Ij  slices  6  and  8  for  taste  session  II}  10  and  12  for  taste 
session  III;  and  slices  14  and  16  for  taste  session  IVi 
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RESULTS  AND  DISCUSSION 


MOISTURE  SORPTION  ISOTHERMS 

Equilibrium  values  determined  for  the  moisture  sorption 
isotherms  at  the  different  temperatures  are  shown  in  Tables  9  —  17 ♦ 
The  short  temperature  range,  4-30°C,  which  was  of  interest  in 
this  work  resulted  in  closely  spaced  isotherms.  Plots  of  the 
data  of  4  and  30°C  are  presented  in  Pigs.  13-21.  The  isotherms 
were  generally  of  the  sigmoid  type,  and  their  relative  position 
at  the  different  temperatures  agreed  with  the  work  reported 
recently  by  Saravakos  and  Stinchfield  (91 ).  The  data  indicated 
smaller  differences  among  samples  I,  II,  III,  and  IV,  in  comparison 
with  the  special  foods.  In  most  of  the  latter  foods,  it  is 
interesting  to  note  the  cross-over  of  the  isotherms  at  a  relative 
humidity  which  is  close  to  that  corresponding  to  the  completion 
of  a  second  layer  of  water  according  to  the  B.E.T.  theory.  This 
is  probably  due  to  the  influence  of  the  non-protein  components  of 
the  mixture. 
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Table  9.  Equilibrium  values  for  moisture  sorption  Isotherms  of  pre¬ 
cooked  freeze-dried  beef,  S.I.K,  I 


T 


Relative 
vapor  pressure 

P/P’o 

Moisture  g/lOOg  N.F.D? 

m 

10°C 

1 5°C 

20  °C 

30°C 

0.05 

2 ‘.'2  3 

2.23 

1.69 

1.52 

1.28 

0.10 

3.04 

3.10 

2.47 

2.39 

1.74 

0.20 

4;  16 

3.95 

3.44 

3.44 

2.78 

0.30 

5.09 

4.69 

4.40 

4.39 

3.89 

0.40 

6, '02 

5.63 

5.51 

5.49 

5.06 

0.50 

6.90 

7.09 

7.09 

6.98 

6.60 

0.60 

8.68 

9.30  • 

9.11 

8.92 

8.87 

0.70 

12.53 

12.68 

12.25 

12.00 

12.72 

0.75 

16.40 

14.82 

14.40 

14.01 

14.48 

Table  10.  Equilibrium  values  for  moisture  sorption  isotherms  of  pre 
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Table  11.  Equilibrium  values  for  moisture  sorption  Isotherms  of  ore- 


cooked  freeze-dried  beef.  S.I.K.  III 


Relative 
vapor  pressure 

p/p0 

Moisture  g/lOO^N.P.D, 

4°0 

o 

o 

o 

i5°C 

20°C 

30°C 

0.05 

2.30 

2.22 

1.62 

1.69 

1.12 

0.10 

3.11 

3.10 

2.34 

2.50 

1.63 

0.20 

4.26 

4.18 

3.22 

3.30 

2.67 

0.30 

5.16 

4.97 

4.19 

4.09 

3.72 

0.40 

5.83 

5.72 

5.40 

5.39 

4.86 

0.50 

6.80 

6.79 

6.66 

7.02 

6.34 

0.60 

8,60 

8.60 

8.32 

9.29 

8.69 

0.70 

12.70 

12.50 

12.18 

12.70 

12.50 

0.75 

17?.'  50 

15.32 

15.35 

15.05 

15.72 

66 


Table  12.  Equilibrium  values  for  moisture  sorption  isotherms  of  pre¬ 
cooked  freeze-dried  beef,  S.I.K.  IV 


Relative 
vapor  pressure 

Moisture 

e/iocg  n.f.d; 

p/p0 

■a 

10°C 

1  5°C 

20°C 

30°C 

0.05 

2.00 

2.26 

1.80 

1.60 

1.11 

0.10 

2;J84 

3.06 

2.67 

2.30 

1.65 

0.20 

4.12 

4.10 

3.70 

3.19 

2.69 

0.30 

5.10 

4.93 

4.55 

4.09 

3.79 

0.40 

5.89 

5.78 

5.57 

5.30 

4.94 

0.50 

6.78 

6.78 

6.83 

7.10 

6.40 

0.60 

8.24 

8.35 

8,82 

9.22 

8.71 

0:70 

12.35 

11.98 

12.13 

12.74 

12.68 

0.75 

17.60 

14.81 

15.30 

15.07 

1  5.78 
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Table  13.  Equilibrium  values  for  moisture  sorption  isotherms  of 
dehydrated  beef  sandwich 


Relative 
vapor  pressure 

Moisture 

g/lOOg  n.  p.  D. 

p/p0 

10°C 

1 5°C 

8 

o 

o 

30°C 

0.05 

2.77 

1.62 

1.71 

1.42 

1.65 

0.10 

3V35 

2.44 

2.50 

2.23 

2,11 

o;J2o 

4  Via 

3.56 

3.48 

3.24 

2.96 

0.'30 

5V19 

4.43 

4.42 

4V18 

4.00 

o;J4o 

6.30 

5.70 

5.76 

5.50 

5.52 

o;J5o 

7.75 

7.77 

8.02  ■ 

7.-76 

7.52 

0V60 

10.46 

11.23 

11.20 

10.97 

10.45 

Oi’70 

15.07 

16.27 

16.63 

16. '39 

15.73 

0V75 

23.88 

19.49 

20.62 

20. '42 

20.22 

Table?  14.'  Equilibrium  values  for  moisture  sorption  isotherms  of 


dehydrated  chicken  sandwich 
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Table  15.  Equilibrium  values  for  moisture  sorption  isotherms  of 
dehydrated  cheese  sandwich 


Relative 
vapor  pressure 

p/p0 

Moisture  g/lOOg  N.P.Di' 

ma 

o 

o 

o 

t — 

1 5°C 

20°C 

30°C 

0.05 

2.25 

2.22 

1.7/8 

1.63 

1.32 

o;io 

3;'26 

2.94 

2  .'4  5 

2.50 

2.06 

0.20 

4,49 

3.63 

3;i9 

3.20 

2.80 

0.‘30 

5.50 

4.20 

3.98 

3.82 

3.60 

0‘.40 

6,68 

5.13 

5.42 

5.29 

4.82 

0.50 

8.40 

7.15 

7. '5  5 

7.72 

6.93 

0.60 

11.23 

10.78 

11.25 

11.79 

10.65 

0*,70 

17.39 

17.11 

17.52 

18,'02 

16.66 

o;75 

28.12 

22.58 

23.96 

23.23 

22.63 
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Table  16,  Equilibrium  values  for  moisture  sorption  isotherms  of 


dehydrated  chicken  bites 
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Table  17.  Equilibrium  values  for  moisture  sorption  isotherms  of 


dehydrated  melba  toast 


MOISTURE  N.F.  D. 


Fig.  13.  Moisture  sorption  isotherms  of  pre-cooked.  freeze-Aried  'beeft  S.I.K.  I 


MOISTURE  N.F.D. 


MOISTURE  N.F.D. 


Fig.  15-Moisture  sorption  isotherms  of  pre-cooked  freeze-dried  beef,  S.I.K.  III. 


Fig.  1 6. Moisture  sorption  isotherms  of  pre-cooked  freeze-dried  beef,  3.I.K 


/.MOISTURE  N.F.  D. 


URE  N.f.D. 


Fig.  20.  Moisture  sorption  isotherms  of  dehydrated  chicken  bites. 


7.  MOISTURE  N.F.D. 


Fig.  21. Moisture  sorption  isotherms  of  dehydrated  meltaa  toast. 


PRE-COOKED  FREEZE-DRIED  BEBF,  3.I.K.  1-4 'SAMPLE  SERIES 

Due  to  r.i;e  large  volume  of  data,  the  oomplete  results  on 
all  8.I.K.  I,  II,  III  and  IV  series  will  be  treated  in  the 
statistical  Analysis  of  Variance.  In  this  and  other  sections, 
the  Tables,  Figures  and  discussion  will  be  limited  to  the  S.I.K. 

II  series* which,  in  most  cases,  were  representative  of  the  in¬ 
formation  and  trends  reflected  by  the  other  data. 

The  relationship  between  penetration  depth  PD  and  relative 
instrument  force  KR  for  the  dry  samples,  which  had  been  stored  at 
20°C  but  at  different  relative  humidities  for  months,  is  shown 
in  Table  18  and  Fig.  22.  For  clarity,  only  one  "average"  curve 
is  shown.  The  individual  curves  which  connect  points  of  the  same 

j 

R.H.  had  similar  characteristics,  and  extrapolated  to  zero,  they 
generally  had  a  sigmoid  shape.  From  about  zero  to  40,  and  from 
65  to  75$  PI>»  there  was  a  sharp  increase  of  force  as  PD  increased. 
Within  these  ranges,  the  selection  of  the  depth  of  penetration 
for  the  objective  measurement  of  hardness  is  important  if  comparable 
data  are  to  be  obtained.  Between  about  40  and  65$  PD,  the  force 
changed  less  rapidly  with  PD,  and  ; the  selection  of  PD  is  not  so 
critioal.  The  sharp  increase  of  force  above  about  70$  PD  is 
probably  due  to  the  pressing  or  compacting  of  the  meat  under  the 
punch.  In  special  foods  which  are  to  be  consumed  without  rehydra¬ 
tion,  this  compactness  associated  with  dryness,  release  of  heat, 
crumbliness  and  other  sensations  during  mastication  pose  new 
problems  of  texture  to  be  investigated. 

The  relationship  between  penetration  depth  and  relative 
instrument  force  for  the  same  samples  in  the  rehydrated  state  is 
shown  in  Table  19  and  Fig.  23.  In  general,  the  instrument  force 
increased  continuously  with  PD,  and  instead  of  a  sigmoid,  a  smooth, 
convex  to  both  axes  curve  was  obtained.  As  expected,  the  hardness 
of  the  rehydrated  food  was  appreciably  smaller  than  the  hardness 
of  the  dry  material. 
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The  effect  of  the  relative  humidity  on  hardness  is  shown 
more  clearly  when  the  above  data  are  plotted  as  in  Pig.  24'>foihthe 
dry,  and  in  Fig.  25  for  the  rehydrated  food.  In  the  dry  food,  the 
increase  of  R.  H.  resulted  in  an  appreciable  increase  of  force. 

It  is  interesting  to  note  that  most  of  this  increase  took  place 
above  the  B.  E.  T.  monomolecular  layer  of  water.  This  brings  into 
focus  the  close  relationship  between  chemical  and  textural  changes. 
Above  the  B.E.T,  monolayer,  the  less  firmly  bound  water  is  more 
readily  available  for  cross  linking  and  other  reactions  which 
toughen  the  meat.  At  temperatures  higher  than  20°C  and  for  periods 
longer  than  the  5t  months  which  were  used  in  these  experiments, 
this  toughening  should  be  even  more  pronounced.  The  above  interpre¬ 
tation  is  supported  by  the  work  of  Connell  (I0.'j  11 )  on  the  stress- 
strain  behavior  of  cod  muscle  fiber  bundles,  and  on  the  swelling 
behavior  of  finely  divided  muscle.  Prom  these  and  other  experiments, 
the  author  concluded  that  toughness  in  freeze-dried  rehydrated  meats 
is  associated  with  an  increase  of  the  number  of  bonds  between  actin 
and  myosin.  (Some  denaturation  of  the  actomyosin  and  myosin  mole¬ 
cules,  which  occur  to  a  greater  extent  in  freeze  dried  fish  than  in 
beef,  appears  also  to  affect  texture).  During  freeze-drying  and 
storage,  removal  of  the  water  which  is  normally  interposed  between 
the  actin  and  myosin  arrays,  makes  possible  an  increase  in  cross- 
linking  between  the  two  proteins.  Hamm  and  Deatherage  (40j  41  )> 
on  the  basis  of  experiments  on  the  hydration  and  charge  of  freeze- 
dried  rehydrated  beef,  and  Webb  (108)  in  his  recent  discussion  of 
the  relationships  between  bound  water  and  molecular  structure  in 
biological  systems,  suggested  analogous  changes  (see  also  ref.  60 ). 
The  exact  nature  of  the  bonds  formed  is  not  presently  clear.  It  is 
possible  that  hydrophobic  bonding  through  mutual  attraction  of 
aliphatic  sides  of  amino  groups,  as  well  as  disulfide,  amino-carbonyl 
and  hydrogen  bondings  are  involved.  The  increase  of  hardness  brought 
about  by  the  increase  of  relative  humidity  occured  also  in  the 
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rehydrated  material,  as  shown  in  Pig.  25.  The  effect  however,  was 
much  less  pronounced  in  this  case,  especially  at  the  lower  penetration 
depths. 

As  stated  previously,  the  foroe  of  penetration  was  much  smaller  in 
the  rehydrated  than  in  the  dry  food  (Table  18,  19).  Since  in  all  cases 
of  the  dry  material,  the  force  increased  with  increasing  relative  humid¬ 
ity  up  i©  66%  R.H.  used,  there  must  be  a  turnimg  point,  beyond  which  the 
force  decreases  with  relative  humidity.  This  point  probably  occurs  at 
much  higher  relative  humidities,  within  the  area  of  microbial  deteriora¬ 
tion.  This  fact  is  important  in  research  and  development  efforts  on 
foods  which  can  be  stable  at  elevated  moisture  levels.  The  Masticometer 
provides  a  quantitative  meanB  for  the  study  of  such  changes,  and  it 
may  serve  as  a  valuable  tool  in  efforts  to  improve  the  textural 
characteristics  of  dehydrated  foods. 

The  elastic,  crushing  and  total  texture  behavior  of  pre-cooked 
freeze-dried  beef  in  the  dry  state,  after  equilibration  at  different 
relative  humidities,  is  shown  in  Table  20,  and  Pigs.  26-28.  The  same 
textural  parameters  of  the  meat  in  the  rehydrated  state  are  shown  in 
Table  21  and  Pigs.  29-3*1  •  In  general,  the  curves  were  sigmoid  for  the 
dry,  and  convex  to  both  axes  for  the  rehydfcate&hjdodtudlfiobdth  In  both 
the  dry  and  the  rehydrated  samples,  there  was  a  tendency  for  an  increase 
of  the  individual  parameters  as  the  relative  humidity  increased.  The 
corresponding  parameters  were  appreciably  smaller  ftor  the  rehydrated 
than  for  the  dry  material.  In  either  case,  the  values  for  the  elastic 
behavior  were  smaller  than  those  for  the  crushing  behavior,  and  this 
difference  was  appreciably  greater  in  the  dry  than  in  the  rehydrated 
food.  This  shows  that  most  of  the  work  Of  masticatlonriis  expended  for 
irreversible  crushing,  especially  in  the  case  of  the  dry  material.  It 
is  possible  that  in  many  special  foods,  substantial  improvement  of  the 
textural  quality  can  be  effected  by  a  modification  of  this  parameter  in 
its  relationship  to  the  other  parameters. 

The  relationship  between  relative  humidity  and  crushability  index 


of  pre-oooked  freeze-dried  beef  is  shown  in  Table  22.  This  rela¬ 
tionship  on  the  same  samples  after  rehydration  is  shown  in  Table 
23. 

Within  the  same  R.H.,  the  crushability  index  increased 
with  depth,  and  this  is  easily  understood  sincec irreversible 
crushing  also  increases.  Within  the  same  penetration  depth,  the 
changes  of  the  crushability  index  with  R.H.  were  small  and  diffi¬ 
cult  to  evaluate.  The  crushability  index  will  be  discussed  further 
in  the  section  on  the  special  NLABS  foods,  and  in  the  chapter  on 
the  statistical  analysis  of  data. 

The  relationship  between  relative  humidity  and  cohesiveness 
of  pre-cooked  freeze-dried  beef  is  shown  in  Table  24.  This  rela¬ 
tionship  on  the  same  samples  after  rehydration  is  shown  in  Table 
25.  Ifi..  general,  the  largest  differences  were  observed  between 
the  dry  and  the  rehydrated  samples,  with  cohesiveness  much  smaller 
in  the  dry  than  in  the  rehydrated  food.  Within  the  dry  and  rehy¬ 
drated  samples,  the  effect  of  relative  humidity,  as  well  as  the 
effect  of  penetration  depth,  on  cohesiveneBs  is  small  and  difficult 
to  evaluate  from  this  Table  alone.  This  effect,  together  with 
other  results,  will  be  disoussed  further  in  connection  with  the 
NLABS  special  foods,  and  also  in  the  chapter  on  the^ Analysis  of 
Variance. 


Table  18,  Masticometer  relative  force  values  of  pre-oooked  freeze- 
dried  beef  in  tho  dry  state,  after  equilibration  at  different 
relative  humidities,  S.I0K«  II™ 


Penetration 

depth 

% 

Force,  KR,  at  relative  humidity, 

0 

12 

23 

66 

30 

537 

677 

630 

46 

922 

921 

1045 

63 

855 

936 

963 

1130 

69 

1250 

1296 

1302 

1451 

Table  19*  Mastioometer  relative  force  values,  of  pre-cooked  freeze- 
dried  beef  in  the  rehydrated  state,  after  equilibration  at  different 
relative  humidities,  S„r,K'<,  II 


Penetration 

depth 

% 

' 

Force,  KR,  at  relative  humidity, 

0 

12 

23 

66 

26 

118 

119 

129 

145 

50 

245 

26)1 

290 

309 

67 

502 

500 

494 

575 

78 

790 

830 

762 

874 

96 


Table  20?  Elastic,  crushing  and  total  texture  behavior  of  pre-cooked 
freeze-dried  beef  In  the  dry  state,  after  equilibration  at  different 
relative  humidities,  S.I»K»'  II 


Penetration 

depth 

% 

Instrument 

0 

values  at 

12 

relative  humidity,  %, 

23  66 

30 

49 

59 

53 

63 

Elastic 

46 

78 

80 

89 

103 

65 

75 

90 

88 

96 

67 

112 

120; 

124 

140' 

30 

90 

83 

89 

89 

Crushing 

46 

155 

170 

192 

173 

65 

179 

198 

193 

223 

67 

251 

285 

258 

279 

30 

188 

201 

194 

215 

Total 

46 

263 

330 

370 

380 

65 

330 

378 

368 

416 

67 

474 

524 

506 

558 

87 


Table  21.  Elastic,  crushing  and  total  texture  behavior  of  pre-cooked 


freeze-dried  beef  in  the  rehydrated  state,  after  equilibration  at 
different  relative  humidities, -,B. I. K.  II 


Penetration 

depth 

% 

Instrument 

0 

value  el  at 

12 

relative 

23 

humldies,' 

66. 

26 

11 

11 

12 

13 

Elastic 

50 

22 

25 

28 

29 

67 

44 

45 

44 

52 

78 

67 

71 

63 

73 

26 

13 

13 

15 

16 

Crushing 

50 

32 

38 

42 

39 

67 

72 

74 

69 

82 

78 

1165 

123 

114 

127 

26 

35 

42 

39 

42 

Total 

50 

75 

87 

98 

98 

67 

160 

164 

156 

186 

78 

250 

265 

240 

274 

88 


Table-  22.  Crushability  index  of  pre-coolced  freeze-dried  beef  in  the 
dry  state,  after  equilibration  at  different  relative 'humldi/tlea. 


s;i;k.  ii 


Table  23.  Crushability  index  of  pre-cooked  freeze-dried  beef  in  the? 
rehydrated  state,  after  equilibration  at  different  relative  humidities 
S.I.K.'  II 


Penetration 

depth 

% 

Instrument 

0 

values.,  at 

12 

relative 

23 

humidity, 

66 

26 

1  ,20 

1,16 

1  ;‘26 

ins 

50 

1  -47 

1.57 

1.50 

1:34 

67 

f!  64 

i  ;eo 

1.57 

1  .'61 

78 

nj77 

i  :i9 

1 .84 

1  .'7/4 

89' 


Table  24.  Percent  coheslveneBe  of  pre-cooked  freeze-dried  beef  in 
the  dry  state,  after  equilibration  at  different  relative  humidities, 
S.I.K,  II 


Penetration 

depth 

Instrument 

value  Ss  at 

relative 

humidity,  %, 

• 

% 

0 

12 

23 

66 

30 

52 

52 

51 

5S 

46 

47 

44 

43 

52 

65 

45 

45 

44 

48 

67 

51 

49 

49 

53 

Table  29.  Percent  cohesivenetra  of  pre-cooked  freeze-dried  beef  In 
the  rehydrated  state,  after  equilibration  at  different  relative 
humidities^,  S.I.K,  II 


Penetration 

depth 

% 

Instrument 

value  s 

at  relative  humidity, 

0 

12 

23 

66 

26 

70 

82 

77? 

50 

72 

74 

77 

67 

73 

74 

7?4 

78 

71 

'  69 

71 

PENETRATION  DEPTH  , 


Fig.  22.  Plot  of  values  of  instrument  farce  vs.  rene  rat  ion  depth  in  are-oockjd  freezs-dried  beef  in  the  dry 


state-  after  equilibration  at  different  relative  hv.nl 'title:-  S.I.K.  II. 
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Fig.  23.  Plot  of  values  of  instrument  force  vs.  penetration  deoth  in  pre-cooked  freeze- 
dried  beef  in  the  rehydrated  state,  after  equilibration  at  different  relative  humidities, 
S.I.K.  II. 


FORCE  ,KR 


Fig.  24.  Plot  of  values  of  %  relative  humidity  at  20°C  vs.  values  of  instrument  force  3f 
penetration  in  pre-cooked  freeze-dried  beef  in  the  dry  state,  S.I.K.  II. 
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Fig.  25.  Plot  of  values  of  $  relative  humidity  at  20°C  vs.  values  of  instrument 
force  of  penetration  in  pre-cooked  freeze-dried  beef  in  the  r^hydratad  state, 

S.I.K.  II. 


PENETRATION  DEPTH, 


*  =  0  +=12  0=23  x  =  66  %  R.H.  at  20°C. 

Fig.  28.  Plot  of  values  of  total  texture  behavior  of  pre-cooked,  freeze-dried  beef  ir»  the  dry 


state,  after  equilibration  at  different  relative  humidities,  vs.  penetration  de^th,  S.I.K.  II 


ELASTIC  BEHAVIOR. INSTRUMENT  VALUES 

*  =  0  +=12  o=23  x  =  66  %  R.H.  at  20°c. 

Fig.  29.  Plot  of  values  of  elastic  behavior  of  pre-cooked,  f TOP7a- 


dried  beef  in  the  rehydrated  state ,  after  equilibration  at  diffe- 
pent  relative  humidities,  vs.  penetration  depth,  S.I.K.  II. 


PENETRATION  DEPTH, 


*  =  0  +  =  12  o  =  23  x  =  66  Jo  R.H.  at  20°C. 


Fig. 30.  Plot  of  values  of  crushing  behavior  of  pre-cooked  freeze-dried  beef  in  the 
rehydrated  state,  after  equilibration  at  different  relative  humidities,  vs.  nans- 
tration  depth.  S.I.K.  II. 
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*  =  0  +  -  12  o  =  23  x  =  66  %  R.H.  at  20°C. 

Fig;  31. Plot  of  values  cf  total  texture  behavior  of  pre-cooked  freeze-dried  beef  in 


the  rehydrated  state,  after  equilibration  at  different  relative  huriditieg,  vs. 
penetration  depth,  S.I.K.  II. 
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REHYDRATION  BEHAVIOR 

The  rehydration  behavior  in  termB  of  the  coefficient  of 
weight  restoration  and  of  the  total  percent  moisture  on  non-fat 
dry  basis  is  shown  in  Table  26.  Each  number  of  the  I  and  II 
series  represents  the  mean  value  of  16  different  samples  and 
each  number  of  the  III  and  IV  series  represents  the  mean  value 
of  8  different  samples. 

The  coefficient  of  weight  restoration  has  been  used 
frequently  in  the  literature,  and  it  is  included  here  for  reference 
purposes.  Since  the  moisture  in  the  sample  increases  with  increas¬ 
ing  relative  humidity,  the  coefficient  of  weight  restoration  de¬ 
creases,  and  any  real  differences  in  sorption  characteristics  due 
to  alterations  of  the  dry  material  are  not  shown  explicitly.  For 
this  purpose,  the  total  %  moisture  on  N.F.D.  basis  was  examined. 

Meat  from  the  2-year-old  animals  I  and  III  absorbed  less 
%  total  water  on  non-fat  basis  than  meat  from  the  5-year-old- 
animals  II  and  IV.  No  definite  explanation  for  this  phenomenon 
is  suggested.  It  is  possible  that  the  genetic  make-up  of  the 
animals  was  different  in  this  respect,  or  that  the  meat  of  the 
young  animals  was  more  adversly  affected  by  the  storage  con¬ 
ditions  at  20°C.  The  effect  of  the  relative  humidity  on  the 
total  moisture  is  less  clear.  Samples  I,  III  and  IV  absorbed 
less  and  sample  II  more  total  moisture  at  66  than  at  0  %  R.H. , 
but  the  differences  are  too  small  to  draw  any  definite  con¬ 
clusions.  Only  small  differences  were  also  observed  among 
different  relative  humidities  within  each  sample  series  I,  II, 

III  and  IV. 
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Tablo  26.  Rehydration  b^avlor  of  pre-ooolced  freege-drlad  beef 

s.i.k:  i  -  iv 


S.I.K. 

R.H. 

Coefficient  of 

total  % 

Serioa 

% 

weight  reBtonation(x100)moieture 

,  N.F.D. 

I 

0 

230 

152 

12 

222 

154 

23 

217 

152 

66 

199 

143 

150 

II 

0 

250 

180 

12 

245 

184 

23 

236 

177 

66 

230 

167 

182 

III 

0 

259 

167 7 

12 

255 

173 

23 

244 

181 

66 

228 

Jil 

171 

IV 

0 

254 

183 

12 

236 

168 

23 

236 

173 

66 

221 

172 

174 

SPECIAL  POODS,  NLABS  SAMPLE  SERIES 


Masticometer  curves  for  beef,  cheese,  and  chicken 
sandwich  are  shown  in  Pig.  32,  33  and  34;  respectively.  Certain 
variations  of  the  shape  of  these  curves  were  experienced  among 
different  samples  of  the  same  food.  The  sequence  of  recording  is 
from  left  to  rights  the  small  peaks  at  equal  intervals  (marked  p) 
represent  the  time  of  the  uppermost  position  of  the  punch,  where¬ 
as  the  dashed  line  within  the  first  experimental  peak  represents 
the  time  of  the  lowest  position  of  the  punch  (cf.,  Pigs.  9j  11). 
The  curves  are  unusual  in  certain  respects.  In  the  beef  and  cheese 
sandwiches,  as  the  punch  penetrated  the  first  bread  layer  the 
force  reached  a  maximum , which  is  shown  by  the  highest  of  the  two 
peaks  of  the  first  experimental  curve.  As  the  punch  penetrated  the 
second  bread,  there  was  again  an  increase  of  force,  which  this 
time  was  smaller,  due  to  the  already  weakened  or  fractured  struc¬ 
ture  of  the  second  bread  under  the  pressure  of  the  punch  on  the 
first  bread  and  on  the  meat  layer.  In  the  curve  for  chicken  sand¬ 
wich  shown  here  (Pig.  34) ,  there  were  larger  variations  of  force 
as  the  punch  penetrated  layers  of  different  hardness  within  a 
very  crumbly  structure.  This  crumbliness  or  irreversible  crushing 
is  indicated  by  the  asymmetry  of  the  first  experimental  peak  about 
the  vertical  dashed  line,  which  line,  as  explained  previously, 
corresponds  to  the  lowest  position  of  the  punch. 

The  effect  of  relative  humidity  on  the  hardness  (Force,  KR) 
crushability  index,  and  $  cohesiveness  of  dehydrated  special  foods 
is  shown  in  Table  27  and  Pigs.  35  and.  36.  The  excessive  crumbliness 
of  these  foods  is  indicated  by  the  high  crushability  index  and 
the  low  $  cohesiveness  (cf. ,  Tables  22  and  24).  In  general,  as 
the  relative  humidity  increased,  the  force  and  the  cohesiveness 
increased,  and  the  crushability  index  decreased.  This  is  shown 
more  dramatically  in  the  dehydrated  chicken  sandwich  in  Pig.  36. 

The  toughening  effect  of  increasing  moisture  levels  is  exerted 
through  a  decrease  of  the  contribution  of  the  irreversible  crush- 
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ing  parameters  to  the  total  textural  quality  of  the  food.  At  the 
same  time,  the  bridges,  formed  through  chemical  interactions  at 
the  higher  moisture  levels,  increase  the  strength  of  the  internal 
bonds  which  bind  the  individual  parts  into  the  whole  structure, 
and  as  a  result  the  cohesiveness  of  the  system  increases.  In 
this  way,  qualitatively,  the  speoial  dry  food  begins  behaving 
like  a  conventional  rehydrated  produot. 

In  general,  the  effect  of  the  relative  humidity  on  the 
hardness,  crushability  index  and  cohesiveness  was  much  more  pro¬ 
nounced  in  the  NLABS  dehydrated  foods  than  in  the  S.I.K.  dehydrated 
meat  series,  (of.,  Tables  1 8 ,  22,  24  and  27).  This  is  probably 
due  to  the  much  higher  content  of  carbohydrate  material  (bread  etc) 
in  the  NLABS  than  in  the  S.I.K.  foods.  The  textural  parameters  of 
carbohydrate  materials  are  probably  affected  by  moisture  changes 
to  a  much  greater  extent  than  the  textural  parameters  of  protein 
materials.  These  coroe.pts  need  to  be  further  investigated  before 
final  conclusions  can  be  made. 
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Table  27*  Values  of  Masticometer  parameters  in  relation  to  relative 


humidity  in  dehydrated  special  foodB  (punch  diameter  5  mm). 


Pood  and 
%  PD 

Texture  parameter 

Values  at 
0 

relative  humidity, 
12  23 

*, 

66 

Beef  sandwich. 

Force,  KR 

692 

796u 

865 

1135 

80%  PD 

Crushability  index 

9,51 

8.79 

9»63 

7.51 

Cohesiveness,  % 

20 

25 

23 

33 

Chicken  sand- 

Force,  KR 

695 

799 

1070 

1277 

Crushability  index 

%  15 

5.85 

6.23 

‘  4.63 

Cohesiveness,  % 

41 

43 

34 

43 

Cheese  sand- 

Force,  KR 

817 

1040 

1193 

1722 

Crushability  index 

22.1 

19. '9 

16*8 

7.6 

Cohesiveness,  % 

13 

14 

16 

27 

Chicken  bitess 

Force ,  KR 

505 

552 

67  7 

787 

59%  PD 

Crushability  index 

5. '71 

5.38 

4.54 

3.26 

Cohesiveness,  % 

: 

24 

25 

28 

43' 

g.  32.  M^aticometer  curve  for  dehydrated  beef  sandwicl 


Fi 


DEHYDRATED  BEEF  SANOWICH 
95  7.  PO  ;  5  mm  P 


=  uppermost  position  of  punch 


FORCE 

t 


Fig.  33.  Masticometer  curve  for 


dehydrated  cheese. sandwich 
83  V.  PD  ,  5  mm  P 


O 

o\ 


cheese  sandwich,  p  =  uppermost  position  of  punch 


DEHYDRATED  CHICKEN  SANDWICH 
95%  PD  ;  SmmP 


FORCE,  KR 


Fig.  35.  Plot  of  values  of  instrument  force  of  penetration 
relative  humidity  in  dehydrated  special  foods,  NLABS. 
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PHYSICO-CHEMICAL  VARIABLES 

General  OharacteristioB 

The  values  for  the  B.E.T.  monomolecular  layer  of  water  and 
for  the  corresponding  surface  area  at  the  different  temperatures 
of  the  experiments  are  presented  in  Table  28.  At  20°C,  which  was 
the  temperature  used  for  the  instrument  and  texture  measurements, 
the  chicken  sandwich  exhibited  the  large*  and  the  melba  toast  the 
smallest  monolayer  values  and  surface  area.  The  S.I.K.  food  sample 
series  I  to  IV  exhibited  closely  similar  monolayer  values,  with 
a  mean  of  3.39  %•  This  value  is  in  agreement  with  other  re¬ 
ported  work  (89). 

The  partial  molal  thermodynamic  data  for  water  vapor  sorp¬ 
tion  at  20°C  are  presented  in  Tables  (29-31).  These  data  are  also 
plotted  in  Pigs.  37-45.  The  integral  thermodynamic  values  for  the 
same  foods  are  shown  in  Tables  32  and  33. 

Of  all  thermodynamic  values,  the  partial  molal  enthalpy 
change -A  H  showed  the  greatest  differences  among  foods.  In  most 
cases,  this  change  was  highest  at  zero  relative  humidity,  where 
the  affinity  of  water  for  the  dry  material  is  greatest.  This  may 
be  due  to  sorption  (possibly  by  hydrogen  bond  formation)  on  polar 
groups  of  the  protein  side  chains,  as  proposed  first  by  Pauling 
(78)  and  then  by  others  (18,  22).  As  the  relative  humidity  in¬ 
creased,  the  enthalpy  change  first  dropped  rapidly  and  then  gradually, 
approaching  a  few  calories  per  mole  at  a  point  c1ose  to  the  value  of 
two  B.E.T.  layers  of  water.  However, in  chicken  bites  (Pig.  44),  the 
value  first  rose  up  to  about  23 fo  R.H. ,  and  then  decreased.  In  most 
cases,  there  was  some  residual  heat  of  adsorption  at  high  relative 
humidities,  and  the  enthalpy  curve  approached  the  abscissa  asympto¬ 
tically.  Davis  and  McLaren  (18)  attributed  this  to  the  presence  of 
a  spectrum  of  sorption  and  chemisorption  energies,  with  the  sites 
of  chemisorption  becoming  completely  satiated  only  in  solution. 

The  presence  of  net  heat  of  adsorption  beyond  the  first  layer  of 
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water  violates  the  assumption  of  the  B.E.T,  theory  that  the  heat 
of  adsorption  beyond  the  first  layer  is  equal  to  the  heat  of 
condensation  in  pure  water.  This  violation  of  the  B.E.T.  theory 
has  also  been  observed  in  other  work  (22). 

In  a  previous  paper,  Kapsal is  et  al.  (51)  discussed  the 
presence  of  residual  heat  of  adsorption  at  higher  relative 
humidities  on  the  basis  of  the  "zipper  mechanism"  of  water 
sorption  in  mucopolysaccharides,  as  proposed  recently  by  Ehrlich 
and  Bettleheim  (29).  These  authors  consider  two  kinds  of  sorption 
sites:  the  polar  groups  on  the  surface  which  are  readily  available 
for  water  sorption,  and  the  inner,  tightly  hydrogen-bonded  polar 
sites  which  are  less  readily  available.  The  primary  sorption  takes 
place  on  free  polar  sites*  subsequent  swelling  opens  up  previously 
bonded,  and  therefore  inaccessible,  sites  for  further  sorption. 
Thus,  through  what  may  be  visualized  as  a  zipper  mechanism,  the 
water  molecules  penetrate  into  the  matrix,  first  occupying  free 
sites,  and  subsequently  breaking  up  existing  hydrogen  bonds 
between  polymer  chains  and  establishing  new  ones  with  the  sorbent, 
(in  a  reverse  fashion,  the  desorption  process  will  first  break  up 
hydrogen  bonds  between  water  and  polar  groups  of  the  polymer,  and 
it  will  next  establish  new  ones  between  the  polymer  chains).  It 
is  possible  that  the  completion  of  a  first  layer  of  water  on  the 
inner,  tightly-bonded  sites  occurB  simultaneously  with  the  for¬ 
mation  of  a  secpnd  layer  on  the  outer,  free  polar  sites.  On  the 
basis  of  these  considerations,  the  residual  heat  of  adsorption 
at  higher  relative  humidities  may  be  attributed  to  delayed  sorp¬ 
tion  on  inner  sites,  as  the  latter  become  available  through  the 
zipper  mechanism. 

As  in  the  case  of  the  heat  of  adsorption,  the  partial  molal 
entropy  change  -AS  was  highest  at  low  relative  vapor  pressures. 
Among  the  foods  studied,  the  S. I.K.  series  I  samples  exhibited 
the  highest,  and  the  beef  sandwich  the  lowest  change.  The  nega¬ 
tive  value  is  due  to  the  decrease  in  randomness  of  the  system 


when  water  molecules  from  the  vapor  phase  are  adsorbed  on  the 
surface.  High  negative  entropy  values  may  be  due  to  chemi¬ 
sorption  as  postulated  by  Pauling  (?8).  As  the  relative  vapor 
pressure  increases,  the  additional  water  molecules  adsorbed  on 
the  surface  have  greater  freedom  of  movement  than  the  tightly 
held  molecules,  and  the  entropy  change  becomes  less  negative.  It 
is  interesting  to  note  the  positive  entropy  changes  observed  in 
the  S.I.K.  series  I-IV,  and  in  the  NLABS’  chicken  bites,  beef 
sandwich  and  melba  toast.  Such  positive  entropy  gains  were  previous¬ 
ly  observed  in  salmin,  lyophilized  lactalbumin,  and  crystalline 
egg  albumin  by  Davis  and  McLaren  ( 1 8) .  These  authors  and  also 
Bull  (9)  attributed  them  to  configurational  changes  of  the  sorb¬ 
ing  surface,  i.e.,  to  a  local  solubilization  or  incipient  solu¬ 
tion  with  a  resultant  positive  entropy  of  mixing.  In  melba  toast 
and  beef  sandwich,  this  occurred  at  as  low  relative  humidity  as 
20  and  30%  respectively,  i.e.,  long  before  these  materials  were 
dissolved,  and  this  is  similar  to  the  behavior  of  salmin  at  30% 
relative  humidity  (18).  Supporting  these  concepts  are  the  experi¬ 
ments  of  King  (53),  who  attributed  the  increased  dielectric  con¬ 
stant  of  gelatin  and  the  decreased  rigidity  of  wool,  accompanying 
the  sorption  of  water,  to  increased  rotation  of  polar  groups  in 
polypeptide  chains. 

The  partial  molal  free  energy  change  -  A G  at  20°C,  sinae 
it  depends  on  the  temperature  and  the  relative  humidity  was  of 
course  the  same  in  all  floods. 

Within  the  time  schedule  of  this  Report,  the  values  of  the 
Fugassi  constants  for  the  experimental  data  of  this  study  were 
not  yet  available  from  the  Data  Analysis  Branch  of  the  U.S.  Army 
Natick  Laboratories.  These  values  will  be  included  in  any  future 
publications  of  results  from  this  Report. 
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Relationships  with  rheologloal  parameters 

In  this  Report,  the  moisture  sorption  isotherm  was  the 
basis  for  the  calculation  of  the  phy.sico-ohemical  variables  and 
for  the  study  of  the  relationships  between  the  different  hygro¬ 
scopic  equilibrium  values  and  the  rheological  parameters  of  the 
foods.  For  this  reason,  the  general  characteristics  discussed 
above,  apply  also  when  the  different  thermodynamic  values  are 
plotted  against  the  Masticometer  parameters. 

There  is  a  great  deal  of  information  stored  in  the  experi¬ 
mental  results  of  this  study,  for  present  and  future  use.  For 
( 

the  sake  of  this  discussion, only  the  relative  Masticometer  force 
will  be  examined.  The  results  are  shown  in  Table  34  and  Figs. 
46-48. 

At  higher  -  AH  values,  the  affinity  of  moisture  for  the 
sorptive  sites  is  greatest  (56).  The  water  molecules  are  part  of 
the  original  structure  and,  interposed  between  adjacent  polymer 
ohains,  they  exert  a  favorable  effect  with  regard  to  tenderness. 
This  results  in  lower  values  of  force  of  penetration.  As  the 
-  AH  value  decreases  (approaching  the  heat  of  condensation  of 
water  at  a  relative  humidity  corresponding  to  the  completion  of 
two  3.E.T,  monolayers),  the  water  molecules  are  less  firmly 
bound  to  the  protein  structure,  and  they  become  more  readily 
available  for  cross-linking  reactions  which  result  in  higher 
force  values,  i.e. ,  in  a  tougher  food  product  (29,  70). 

The  high  relative  entropy  values  may  be  due  to  water  which 
is  hydrogen  bonded  on  polar  sites  of  the  protein.  The  "immobility" 
of  water  within  the  B.E.T'.  monolayer  has  been  confirmed  by 
nuclear  magnetic  resonance  studies  on  starch  (93),  and  it  offers 
another  way  of  considering  the  above  mentioned  beneficial  effect 
of  water  within  the  meat  matrix; 

The  -  A G  value,  by  sake  of  its  derivation  and  meaning, 
reflects  the  composite  effect  of  the  changes  in  the  partial 


1M 


molnl  enthalpy  and  entropy.  At  higher  -  Ad  valuon,  the  apon- 
tnnoity  of  the  sorption  procotia  ie  urantout  and  the  foroo  of 
penetration  smallest.  Tho  reverse  iu  the  oueo  when  the  -  Ad 
value  decreases. 


Table  28.  B.E.T.  monomolecular  layer  of  water  a-i ,  and  the  corres-  endir.-'-  surface  area  in  dehydrated  foods. 


Values  at  a  temperature  of 

I 

•- 

I 

i 

4° 

C 

10° 

15"C 

29C~ 

303C 

i 

* 

* 

: 

♦ 

»*  ; 

Food 

"1 

a1 

■1 

p 

1 

Irea 

P 

1 

Area 

j 

SIX  I 

3.55 

128 

3.48 

■ 

3.41 

123 

■ 

3.66 

132 

3.86 

■  ■ 

SIX  II 

4.61 

166 

3.35 

3.53 

1 27 

i.25 

119 

3.60 

sue  hi 

4.02 

145 

3.82 

3-13 

113 

3.18 

1.15 

3.31 

SIX  IV 

4.30 

155 

3.82 

is 

3.79 

137 

3.45 

125 

3.32 

-V'  : 

Beef  sandwich 

4.10 

148 

3-70 

134 

5-54 

128 

3.51 

3.58 

127 

2.96 

Chicken  sandwich 

4.30 

155 

3.83 

138 

3.69 

133 

ho 

3.02 

109 

Cheese  sandwich 

4.31 

156 

3.17 

114 

3.06 

110 

2.89  1 

1C4 

2.69 

97  | 

Chicken  bites 

4.59 

166 

4.74 

171 

3.84 

138 

4.35 

158 

3.18 

-15  ! 

Melba  toast 

2.84 

103 

2.31 

83 

2.42 

87 

2.14 

77 

1.75 

63  ‘ 

| 

*  g  water/lOOg  N.F.D.  matter 
**  ib  /g  N.F.D.  matter 


Table  29.  Partial  molal  thermodynamic  data  for  water  vapor  sorption  in  dehydrated  beef  at  20°C,  S.I.K.  I  -  IV. 


; 

R.H. 

■ 

n(2) 

S.I.K. 

-Xh*1) 

I 

-Aa^ 

c 

I. 

(2) 
nx  ' 

S.I.K.  II 

-ThC) 

-As^3' 

S.I.K.  Ill 

-As^ 

S 

(2) 
n'  ' 

. I.K.  IV 

0 

0.013 

12100 

- 

0.015 

7720 

0.010 

9900 

- 

0.012 

9940 

- 

5 

1743 

O.O84 

10350 

29.4 

0.093 

6660 

16.8 

0.094 

8750 

23.9 

0.089 

9439  . 

26.2 

11 

1285 

0.139 

7600 

21.6 

0.142 

5850 

15.6 

0.145 

7130 

19-.  9 

0.134 

8300 

23.9 

23 

855 

0.206 

4600 

12.8 

0.196 

4850 

13.6 

0.195 

4480 

12.4 

0.191 

5470 

15.8 

50 

403 

0.388 

510 

-0.44 

0.380 

970 

1.94 

0.391 

48" 

0.26 

0.396 

400 

0 

64 

260 

0.584 

.290 

-0.01 

0.580 

0 

^•0.89 

0.580 

80 

-0.61 

O.58O 

_ 

0 

-0.89 

(1)  =  tial/mole 

(2)  =  moles  wster/lOOg  N.F.D.  matter 

(3)  =  cal/mole/deg 


o 

Table  30.  Partial  molal  thermodynamic  data  for  water  vapor  sorption  in  dehydrate!  foods  at  2C  C.NLABS  3  special  foods. 


• 

R.H. 

< 

-Tg(i) 2 3 

Chicken  bites 

»<2>  -A?'> 

-T?J> 

Chicken  sandwich 

n^  -AS^ 

Cheese  sandwich 

n^  -Ah^  - 

0 

OO 

0.031 

5670 

- 

0.015 

9200 

- 

0.C15 

8950 

- 

5 

1743 

0.145 

6800 

17.3 

0.121 

8250 

22.2 

J.089 

8100 

21.7 

11 

1285 

0.193 

7340 

20.7 

0.188 

7400 

20.9 

O.146 

7030 

19.6 

23 

855 

0.244 

4600 

12.8 

0.240 

4650 

13.0 

0.185 

5850 

17.0 

50 

403 

0.529 

0 

-1.38 

0.423 

1050 

2.20 

0.430 

660 

0.91 

64 

260 

0.966 

0 

-0.89 

0.625 

320 

0.20 

O.770 

390 

0.44 

(1)  cal/mole 

(2)  moles  water/lOOg  N.F.D.  matter 

(3)  cal/mole/deg 


0 

Table  31.  Partial  molal  thermodynamic  data  for  water  vapor  sorption  in  dehydrated  fooc^s  at  20  C, 
NLABS  2  special  foods. 


R.H. 

% 

-Ag^ 

Beef  sandwich 

-Ah^ 

-As^ 

Melba  Toast 

-"aV1 2 3) 

0 

0.016 

2630 

- 

0.020 

8000 

- 

5 

1743 

0.079 

2420 

2.31 

0.084 

7350 

19.1 

11 

1285 

0.134 

2230 

3.22 

0.116 

6840 

'  19.O 

23 

855 

0.1 94 

1870 

3.46 

0.138 

6200 

18.2 

50 

403 

0.432 

280 

-0.42 

0.334 

C 

-1.38 

64 

260 

0.712 

60 

-0.68 

0.596 

0 

-O.89 

(1)  =  cal/mole 

(2)  =  moles  water/lOOg  N.P.D.  matter 

(3)  =  cal/mole/deg 


Table  32.  Integral  net  heats,  net  entropies  and  net  free  energies  of  water  vapor  sorption  in  -,:re-cooked  freeze- 
dried  'beef,  S.I.K.  I  -  IV 


R.H. 

% 

S.I.K. 

I 

S.I.K. 

J  J 

S.I.K. 

in 

S.I.K. 

H i 

-A  H 

-AS 

-AG  20°C 

-AH 

-AS 

-AG  20°C 

-AH 

--As 

-  A  j  20° C 

--ah 

-A  S 

-A  G  20°C  | 

10 

1320 

4.01 

145 

884 

2.57 

131 

1120 

3.35 

138 

900 

2.61 

135 

20 

1710 

5-13 

20'/ 

1153 

3.28 

189 

1450 

4.28 

196 

1500 

4.42 

205 

40 

21 2C 

6.20 

303 

1562 

4.39 

27  6 

1880 

5-42 

286 

2010 

5-83 

302  ' 

60 

2260 

6.36 

397 

1783 

4.80 

377 

1940 

5-34 

376 

2100 

5.84 

389 

.80 

2300 

6.10 

513 

1800 

4.45 

496 

I960 

5.00 

495 

2100 

5.43 

509 

100 

2300 

5.40 

718 

1800 

3.78 

693 

I960 

4.22 

724 

2100 

4.67 

732 

-Ah  =  cal / to'c  Z  N.F.D. 
-AS  =  cal/lOOg  N.F.D./de^ 
-Ag  =  cal/lOOg  N.F.D. 


Table  33.  Integral  net  heats,  net  entropies  and  net  free  energies  of  sorption  of  water  varor  in  dehydrated  special  foods, NLABS 


Beef 

sandwich 

Chicken  sandwich 

.  ! 

Cheese  sandwich 

— 

Chicken  bites 

Melba  Toast 

R.H. 

EH 

-A  G 
20°C 

-AH  ' 

1 

-4  S 

-A  G 
20°C 

--AH 

-A  S 

-AG 

20°C 

-Ah 

-A  S 

-  Ag 

29°C 

-liH 

-AS 

-Ac 
20  c 

10 

308 

0.49 

164 

155- 

4.61 

200 

1110 

3.20 

120 

1060 

2.95 

196 

811 

2.27 

145 

20 

439 

0.77 

223 

1920 

5.64 

267 

1510 

4»<$ 

192 

1420 

3.91 

274 

984 

2.70 

192 

40 

582 

0.91 

315 

2140 

6.04 

370 

1940 

5.57 

304 

1790 

4.81 

381 

1170 

3.11 

‘ 

258 

60 

667 

O.85 

418 

2400 

6.56 

478 

2180 

6.15 

479 

1870 

4.66 

505 

1180 

2.35 

344 

80 

680 

0.35 

582 

2430 

6.14 

631 

2310 

5.90 

580 

1870 

3.95 

713 

11^0 

2.44 

464 

100 

680 

-0.90 

943 

2430 

U- - — 

5.28 

OO 

CO 

CO 

2310 

4-46 

O 

O 

1870 

2.80 

1050 

1180 

1.56 

721 

-  Ah  =  cal/ 1 0Og  N.F.D. 

-  AS  =  cal/lOOg  N.F.D. /deg 

-  A  G  =  cal/lOOg  N.F.D. 


I 
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Table  -34.  Partial  molal  thermodynamic  values  for  water  vapor  sorption,  and  values  for  relative  instrument 
force  of  penetration.  in  pre-cooked,  freeze-dried,  beef,  S.I.K.  II. 


R.H. 

f > 

-Ah 

cal/mole 

-Ag 

cal/mo  -e 

-A  s 

cal/mole/degree 

Relative  force  KR  for 
fo  penetration  depth 

30  63  69 

0 

7720 

— 

— 

637 

855 

1250 

5 

6660 

1743 

16.8 

637 

893 

1273 

12 

5850 

1285 

15.6 

677 

936 

1296 

23 

4850 

855 

13.6 

638 

963 

1362 

5  9 

970 

403 

1.94 

678 

1048 

K33 

66 

0 

260 

-0.89 

720 

1130 

14*01 

c  a  t  i  moie 
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" - * - * - - - * - */•  R.H .at  2(fc 

0  5  23  51  64 


Fig.  37.  Curves  for  partial  mola.1  thermodynamic  data  of  water  vapor 
sorption  in  pre-cooked  freeze-dried  beef.  S.I.K,  I. 
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Fig.  40.  Curves  for  partial '  molal  thermodynamic  data  of  water  vapor 
sorption  in  pre-cooked  freeze-dried,  beef.  3.I.K.  IV. 
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Fig.  42.  Curves  for  partial  molal  thermodynamic  data  of  water 
vapor  sorption  in  dehydrated  chicken  sandwich. 


-AG, -AH  cal /mol* 
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Pig.  44.  Curves  for  partial  molal  thermodynamic  data  of  water  vapor 
sorption  in  dehydrated  chicken  biteB. 
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10  §  10  IS 

-TS, cal /mol*  /dag 

t>5i  ♦■12,  ®  a  23,  a  *  50,  x  s  66  */•  R . H .  at  20  C 


Pig.  47 »  Plot  of  values  for  the  partial  molal  entropy  change  of  water 
vapor  sorption  vs.  values  for  instrument  force  of  penetration  in  pre¬ 
cooked  freeze-dried  beef,  S.I.K.  II. 


of  water  vapor  aorption  vs.  values  for  instrument  force  of 
tration  in  pre-cooked  freeze-dried  beef,  S.I.K.  II. 
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RAW  FREEZE-DRIED  BEEF  PROCESSED  BY  S.I.K. 

Figs.  49  and.  50  show  the  relations v ips  between  elastic, 
crushing  and  total  texture  behavior  vs,  the  penetration  depth  in 
two  different  samples  A  and  B  of  raw  freeze-dried  beef,  in  the 
dry  and  rehydrated  states.  Figs,  51  and  52  show  the  same  para¬ 
meters  for  the  rehydrated  samples  A  and  B  on  a  larger  scale,  and 
Fig.  53  for  a  different  sample  C  in  the  rehydrated  state. 

In  general,  the  differences  within  the  dry  and  rehydrated  samples 
are  quantitative  rather  than  qualitative.  In  the  dry  samples, if  the 
curves  are  extrapolated  to  zero  PD,  where  each  parameter  is  zero, 
it  becomes  evident  that  they  are  more  or  less  of  a  sigmoid  shape. 

It  is  obvious  that  the  selection  of  the  depth  of  penetration  can 
be  important  in  the  objective  measurement  of  textural  characteris¬ 
tics,  especially  with  respect  to  the  total  and  crushing  texture 
behavior.  In  the  rehydrated  samples  the  curves  are  generally 
convex  t6  both  axes.  At  high  penetration  depths  the  value  of  all 
textural  parameters  increases  sharply  with  depth.  As  discussed 
previously  in  the  case  of  pre-cooked  freeze-dried  meat,  this  is 
due  to  the  pressing  or  compacting  of  the  dry  meat  under  the  punch. 

As  expected,  all  of  the  above  mentioned  parameters  are 
smaller  in  the  rehydrated  than  in  the  dry  food,  the  value  Z 
showing  this  difference  most  dramatically.  In  Fig.  49 *  for  example, 
the  value  E  at  about  20 %  PD  of  the  dry  material  is  about  equal  to 
the  value  Z  at  75%  PD  of  the  rehydrated  foocl.  In  both  the  dry  and 
the  reconstituted  product  the  value  E,  which  is  a  function  of  the 
elastic  work,  is  smaller  than  the  corresponding  value  A  ,  which 
is  a  function  of  the  irreversible  crushing  work. 

Fig.  54  shows  the  relationship  between  hardness  and  pene¬ 
tration  depth  of  the  above  samples  A,  B  and  C  in  the  dry  and  re- 
hydrated  states.  Fig.  55  presents  the  results  on  the  rehydrated 
meat  on  a  larger  scale.  The  dry  samples  B  and  C  behaved  similarly, 
with  hardness  showing  only  a  little  change  between  about  25  and 
55  %  PD.  Within  this  range,  any  PD  could  be  selected  for  experi- 
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mental  measurements.  Above  about  55  %  PD,  the  hardness  progressive¬ 
ly  increased  due  to  the  above  mentioned  compacting  of  the  meat 
under  the  punch.  The  dry  sample  A  behaved  somewhat  differently, 
with  hardness  increasing  continuously  from  about  20  to  65  %  PD. 

In  this  case,  it  is  important  at  what  penetration  depth  hardness 
is  measured.  Dry  sample  A  was  consistently  harder  than  diy  samples 
B  and  C.  In  the  rehydrated  state  (Pig.  55)>  sample  A  became  softer 
than  sample  C  and  generally  harder  than  sample  B.  Since  these 
slices  were  derived  from  the  same  muscle  of  the  same  animal,  al¬ 
though  not  necessarily  from  adjacent  positions  within  the  muscle, 
the  results  indicate  the  importance  of  representative  sampling  and 
of  statistical  treatment  of  data,  in  any  quality  control  or 
grading  program  for  the  texture  of  raw  meat. 


PENETRATION  DEPTH, 


0 


Fig-49* Total  TL  ,  Crushing  A  and  Elastic  E  texture  behavior  of  raw  freeze-dried  beef,  in  the 
dry  and  rehydrated  states. 

Sample  A. 


PENETRATION  DEPTH. 


Piff.  $2.  Total  ,  Crushing  A  and.  Elastic  E  texture  behavior  of  raw  freeze— dried  Bee^g  in  ~the 


rehydrated  state. 
Sample  B. 


Fig.  *33 » Total  £1,  Crushing  A  and  Elastic  E  texture  behavior  of  raw  freeze-dried  ~baef. 
in  the  rehydrated  state. 


Sample.  C. 


Fig.  54. y,  Hardness  of  raw  freeze-dried  beef  in  the  dry  and  rehydrated  states. 
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Fig,  55.  Hardness  of  raw  freeze-dried  beef  in  the  rehydrated  state. 
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SENSORY  EVALUATION 

Table  35  and  Pigs.  56-58  show  the  relationship  between 
relative  humidity  and  ratings  for  the  different  sensory  para¬ 
meters.  The  results  are  in  dose  agreement  with  those  obtained 
for  the  relationship  between  relative  humidity  and  mechanical 

0 

texture  parameters.  In  general,  the  higher  the  relative  humidity 
the  tougher  the  meat,  in  both  the  dry  and  the  rehydrated  state. 

Results  on  the  relationship  between  the  partial  molal 
enthalpy  change  of  water  vapor  sorption  and  sensory  texture 
parameters  for  the  S.I.K.  Ill  sample  series  are  plotted  in 
Pigs.  59-63.  In  general,  the  ratings  for  the  different  sen¬ 
sory  texture  parameters  are  in  close  agreement  with  the  Mastico- 
meter  values  for  the  mechanical  parameters.  Lower  partial  molal 
enthalpy  changes,  (which  correspond  to  higher  relative  humidity 
and  moisture  values),  are  associated  with  more  tough  meat,  both 
before  and  after  rehydration  in  the  mouth.  The  reasons  for  the 
increase  in  toughness  with  increasing  hygroscopic  equilibrium 
values  have  been  discussed  previously. 

An  interesting  aspect  of  the  sensory  evaluation  ij  the 
close  relationship  between  the  heat  evolved  in  the  month  during 
mastication  and  the  integral  net  enthalpy  change,  as  shown  in 
Table  36  and  Pig.  64.  The  reliability  of  testing  by  the  sen¬ 
sory  panel,  and  the  close  control  of  the  experimental  variables 
in  the  work  of  instrumental  measurements  will  be  shown  further 
in  the  chapter  on  the  statistical  analysis  of  data. 
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Table  36.  Sensory  ratines  for  heat  evolved  in  mouth  during  mastioation.  and  values 


af  the  integral  net  heat  of  water  vapor  sorption  #  in  pre-cooked  freeze-dried  beef. 


S.I.K.  Ill 


R.H. 

H)* 

% 

oal/lOCflfN.P.D. 

0 

I960 

12 

770 

23 

420 

66 

10 

Sensory  rating 
for  heat  evolved  in  mouth 


*  >&H  at  saturation  minus  .&H  at  the  corresponding  %  R.H. 
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0  20  40  60 

7.  RELATIVE  HUMIDITY  at  20°C 


£>  =  hardness  determined  parallel  to  meat  fibers  before  rehydration  in  mouth. 

1  = -extremely  difficult  to  chew,  9  =  extremely  easy  to  chew. 

A  =  hardness  determined  across  meat  fibers  before  rehydration  in  mouth. 

1  =  extremely  difficult  to  chew,  9  =  extremely  easy  to  chew. 

•  =  tenderness  after  rehydration  in  mouth. 

1  =  extremely  tough,  9  =  extremely  tender. 

Fig.  ^6.  Plot  of  sensory  ratings  vs.  values  of  %  relative  humidity  in  pre¬ 


cooked  freeze-dried  beef,  S.I.K.  III. 
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0  20  40  60 

V.  RELATIVE  HUMIDITY  at  20°C 


:j  =  hardness  determined  parallel  to  meat  fibers  before  rehydration  in  mouth* 
1  =■  extremely  difficult  to  chew,  9  =  extremely  easy  to  chew. 

&  =  hardness  determined  across  fibers  before  rehydration  in  mouth . 

1  =  extremely  difficult  to  chew,  9  =  extremely  easy  to  chew. 

•  =  tenderness  after  rehydration  in  mouth. 

1  =  extremely  tough ,  9  =  extremely  tender . 


57.  Plot  of  sensory  ratings  vs.  values  of  #  relative  humidity  in  pre¬ 
cooked  freeze-dried  beef,  S.I.K.  IV. 


SENSORY  RATING 
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20  40  60 


7.  RELATIVE  HUMIDITY  at  20°C 

•  =  S.I.K.Ilfl  0  =  none,  3  =  very  evident 
□  =  S .  I .  K .  I V J 


Fig.  58.  Plot  of  sensory  ratings  for  heat  evolved  in  the  mouth  during 
mastication  vs.  values  of  %  relative  humidity  in  pre-cooked  freeze- 


dried  beef,  S.I.K.  Ill  and.  IV. 


) 
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0  5000  10000 

-AH,cal/mole 

*  =  0,  +  =  12  ,  0  =  23,  x  =  66 */•  R.H. at  20°C 

Fig.  59.  Plot  of  values  of  the  partial  molal  enthalpy  change  va. 
ratings  for  sensory  hardness  determined  parallel  to  meat  fibers 
before  rehydration  in  the  mouth,  in  pre-cooked  freeze-dried  beef, 

S.I.K.  III. 
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0  5000  10000 

-Aff, cal  /mole 

*  =  0,  +  =12,  o  =  23,  x  =  66  7.  R.H.at  20° C 


Fig.  60.  Plot  of  values  of  the  partial  molal  enthalpy  change  vs.  ratings 
for  sensory  hardness  determined  across  meat  fibers  before  rehydration  in 
the  mouth,  in  pre-cooked  freeze-dried  beef,  S.I.K.  III. 
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*=  0  ,  +  =  12,  o  =23,  x  =  667*R.H.at  20°C 

Fig.  61.  Plot  of  values  of  the  partial  molal  enthalpy  change  va. 
ratings  for  sensory  tenderness  determined  after  rehydration  in 
the  mouth.  In  pre-cooked,  freeze-dried  beef,  S.I.K.  III. 


SENSORY  RATING 
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0  5000  10000 

■AH,  cal /  mole 

*=  0,  ♦=  12,  o  =  23,  x  =  66  V.  R.H.at  20°C 


Fig.  62-.  Plot  of  values  of  the  partial  molal  enthalpy  change  vs.  sensory 
ratinga  of  heat  evolved  in  the  mouth  during  mastication,  in  pre-cooked 
freeze-dried  beef,  S.I.K.  III. 
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0  0.2  04  0.6  0.8 

n,  moles  water/ 100  g  N.F.D. 

#=0,  ♦  =  12,  o  =  23,  x  =  66  '/•  R.H.  at  20°C 


Fig.  63.  Plot  of  values  of  the  partial  molal  enthalpy  change  and  of  heat 
evolved  in  the  mouth  during  maetication  vs.  equilibrium  moisture  in  pre¬ 
cooked  freeze-dried,  beef,  S.I.K.  III. 


i 


SENSORY  RATING 


30 


2.0 


10 


0 


*=0  +=12  o=23  x  =  66  %  R.H. 

(  —  A  H)  =  integral  net  AH  at  saturation-integral  net  AH  at  corresponding  %  R.H. 

Fig.  64.  Plot  of  values  of  the  integral  net  enthalpy  change  (aH)  vs.  heat 
evolved  in  the  mouth  during  mastication,  in  pre-cooked  freeze-dried  beef, 
S.I.K.  III. 


500  1000  1500  2000 

(-AH  )  t  cal/ 100 g  N.F  .D. 

*  =  0,  ♦=  12,  o  =  23,  x  =  66  */•  R  H. 
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STATISTICAL  ANALYSIS 

Significance  levels  obtained  in  the  Analysis  of  Variance 
for  the  instrumental  measurements  on  the  S.I.K,  II  sample  series 
are  presented  in  Table  37.  (The  data  for  the  S.I.K.'  I,  III  and 
IV  sample  series  had  not  been  processed  by  the  IBM  Data  Center 
at  the  time  of  the  writing  of  this  Report.  The  results  for  all 
sample  series  will  be  included  in  future  publications  derived 
from  the  data  of  this  Report). 

Instrument  Force.  In  the  dry  food, the  instrument  force 
was  different  at  the  0.1  %  level  of  significance  for  the 
following  variables:  depth  of  penetration,  humidity  and  posi¬ 
tion  of  muscle  (left  or  right).  Stated  otherwise,  these  variables 
exercised  a  highly  significant  effect  on  the  values  obtained  for 
hardness  by  the  Masticometer.  All  interactions  between  these 
variables  were  not  significant.  The  lack  of  significance  for  the 
depth-humidity  interaction  may  indicate  a  uniform  moisture  dis¬ 
tribution  throughout  the  mass  of  the  meat  after  the  equilibration 
period. 

In  the  rehydrated  food,  the  instrument  force  was  different 
at  the  0,1  %  level  for  the  depth  of-  penetration  and  the  position 
of  the  muscle ,  and  at  the  5  %  level  of  significance  for  the  re¬ 
lative  humidity.  Compared  with  the  results  for  the  material  in 
the  dry  state,  this  indicated  that  the  relative  humidity  had  a 
much  greater  effect  on  the  force  in  the  dry  than  in  the  rehy¬ 
drated  food.  These  results  are  in. agreement  with  the  plots  in 
Pigs.  24  and  25. 

OoheBiveness.  In  the  dry  material,  the  cohesiveness  value 
was  different  at  the  0,1  %  level  of  significance  for  the  depth 
of  penetration  and  for  the  relative  humidity.  Cohesiveness  in¬ 
creases  with  depth,  due  to  the  fact  that  the  binding  forces 
which  hold  the  elements  together  in  the  structure,  offer  greater 
resistance  to  penetration  as  the  depth  increases.  The  results  on 
the  humidity  are  interesting,  since  they  indicate  that  these 
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binding  forces  become  stronger  with  increasing  moisture  content. 
This  gives  support  to  my  previous  interpretation  that  higher 
moisture  levels  in  the  meat  were  associated  with  cross-linking 
reactions  which  toughened  the  meat. 

In  the  rehydrated  food,  the  results  are  similar  to  those 
obtained  for  the  dry  material,  although  the  absolute  magnitude 
of  the  F  value  (which  is  not  shown  in  table  37)  was  smaller  in 
the  rehydrated  than  in  the  dry  food. 

Crushability  index.  In  the  dry  meat,  the  crushability  in¬ 
dex  was  different  at  the  0.1  %  level  for  the  depth  of  penetra¬ 
tion,  at  the  5  %  level  for  the  position  of  the  muscle,  and  at 
the  1  %  level  of  significance  for  the  depth-position  interaction. 
The  highly  significant  effect  of  the  depth  of  penetration  on  the 
crushability  index  can  be  explained  by  the  fact  that  the  non- 
recoverable  texture  parameter  increased  with  depth  as  the 
material  was  crushed. 

In  the  rehydrated  food,  only  the  depth  of  penetration  had 
an  effect  (at  theO.1^  level  of  significance)  on  the  crushability 
index. 

The  lack  of  significance  for  the  effect  of  humidity  on  the 
crushability  index  is  in  general  agreement  with  the  results 
which  were  presented  in  Tables  22  and  23.  It  is  interentin,?  to 
compare  these  results  with  those  obtained  on  the  N1ABS  special 
foods,  Table  27.  In  this  latter  case,  the  relative  humidity  had 
an  appreciable  effect  on  the  crushability  index,  and  this  was 
attributed  to  the  high  carbohydrate  content  of  these  special 
foods. 

Sensory  evaluation.  The  results  of  the  Analysis  of  Variance 
for  the  sensory  evaluation  data  are  shown  in  Table  38.  Of  all 
variables, the  humidity  had  the  greatest  effect  on  the  different 
sensory  parameters.  This  effect  was  significant  at  the  0.1  % 
level  for  hardness  determined  parallel  to  and  across  the 
meat  fibers  for  all  the  S.I.K.  sample  series,  and  for  tender¬ 
ness  determined  after  rehydration  in  the  mouth  for  the  S.I.K. 
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III.  sample  series.  It  was  significant  at  the  1  %  level  in 
tenderness  for  the  S.I.K.  IV  sampie  series.  The  effect  of 
humidity  on  flavor  was  less  pronounced  but  still  evident.  Of 
the  interactions  between  variables,  the  humidity- judge  (HxJ ) 
interaction  f.or  hardness  and  tenderness  was  not  significant 
for  the  S.I.K.  Ill,  and  significant  at  the  1  %  level  for  the 
S.I.K.  IV  sample  .series.  In  the  latter  case,  it  .appears  that 
different  judges  rated  the  samples  in  different  ways  for  the 
different  humidity  conditions.  It  is  possible  that  the  series 
IV  samples,  due  to  the  type  of  the  animal  used  or  other  reasons, 
had  certain  peculiarities  in  their  moisture  sorption  charac- 
teristics  which  affected  the  different  judges  in  different  w^ys. 

In  spite  of  the  significant  HxJ  interaction  for  the  S.I.K.  IV 
sample  series,  the  effect  of  humidity  on  all  sensory  texture 
parameters,  as  stated  above,  was  very  pronounced. 

The  lack  of  significance,  in  most  cases,  for  the  interactions 
Humidity-Taste  session,  and  Judge“Taste  session  indicated  the 
consistency  of  the  sensory  testing  by  the  judges,  independent 
of  session.  This  is  also  supported  by  the  fact  that  no  signi¬ 
ficant  effect  of  the  taste  session  on  the  different  parameters 
was  observed. 


Table  37.  Compilation  of  the  significance  levels  ob 
II  sample  series.  Instrumental  measurements. 


Source  of  variation 

- “I 

df 

'Force 

Dry 

Rehydrate 

Main  effects: 

Betv/een  depths ,  D 

3 

+++ 

+++ 

"  humidities  H 

3 

+++ 

+ 

"  positions  P 

1 

+++ 

+++ 

Interactions: 

' 

DxH 

9 

n.sign 

n. sign. 

DxP 

3 

n. sign 

++ 

PxH 

3 

n. sign 

n. sign 

DxHxP 

9 

n.sign 

n. sign 

(1)  Cohesiveness 

(2)  Crushability  index 
n.sign.  =  not  significant 

=  significrnt  at  the  5$  level 
+  =  significrnt  at  the  1$  level 

++  =  significant  at  the  0.1$  level 


+ 


in  the  Analyses  of  Variance  for  the  S.I.K 


Table  38.  Compilation  of  the  significance  levels  obtained  in  the  Analyses  of  Variance  for  the  3.I.K.  III  and  iV 
sample  series.  Sensory  evaluation 


Source  of  variation 

Hardness 

parallel  to  fibers 

i 

Hardness 
across  fibers 

Tlavor 

j 

Tenderness 

III 

IV 

III 

IV 

III 

IV 

III 

Main  effects; 

I 

between  humidities 

H 

+++ 

+++ 

+++ 

+++ 

+ 

++ 

+++ 

++ 

"  judges 

J 

++ 

n.sign 

n.sign 

n.sign 

n.sign 

n.sigi 

±+ 

n.sign 

"  taste  sessions 

T 

n.sign 

n.sign 

n, sign 

n.sign 

n.sign 

n.sign 

n.sign 

n.sign 

Interactions 

H  x  J  • 

n.sign 

++ 

n.sign 

++ 

++ 

++ 

zi-sign 

++ 

H  x  T 

n.sign 

n.sign 

n.sign 

n.sign 

+ 

n.sign 

i.S-Lgn 

n.sign 

i  J  x  T 

j 

• 

n.sign 

n.sign 

n.sign 

n.sign 

++ 

n.sign 

n.sign 

n.sign 

VJl 

VO 


n.sign  =  not  significant 

=  significance  at  the  5^  level 
=  significance  at  the  1$  level 
=  significance  at  the  0.1  ejo  level 


+ 
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SUMMARY  AND  CONCLUSIONS 

The  effect  of  the  moisture  content-water  vapor  equilibrium 
on  the  textural  parameters  of  special  dehydrated  foods  which  can 
be  consumed  in  the  dry  state  was  investigated.  These  foods  in¬ 
cluded:  (a)  samples  of  four  series  of  pre-cooked  freeze-dried 
beef,  obtained  from  different  animals  and  representing  different 
cooking  variables,  which  were  proceBBed  by  S.I.K. ,  and  (b) 
samples  of  five  special  dehydrated  foods  used  in  space  feeding, 
which  were  supplied  by  NLABS.  The  foods  were  equilibrated  to 
different  moisture  contents,  by  storing  at  0,  12,  23  and  66$  R.H.  , 
under  reduced  pressure,  at  20°C  for  5^  months.  The  moisture 
content  on  non-fat  dry  (N.F.D.)  basis  corresponding  to  the  0  and 
66$  R.H.  respectively,  was  0  and  about  12$  for  most  of  the  S.I.K. 
samples,  and  0  and  about  16$  for  most  of  the  NLABS  samples.  At  T 
the  end  of  the  storage  period,  the  textural  characteristics  of 
the  S.I.K.  samples  were  investigated  in  both  the  dry  and  rehy¬ 
drated  states,  whereas  the  textural  characteristics  of  the  NLABS 
samples  were  investigated  only  in  the  dry  state. 

The  mechanical  texture  parameters  were  determined  by  a  new 
instrument,  the  S.I.K.  Masticometer,  which  had  been  constructed 
prior  to  the  Report.  The  instrument  is  a  modification  of  the 
M.I.T.  -G.F.  Texturometer,  and  it  provides  (a)  high  sensitivity, 

(b)  good  reproducibility,  and  (c)  the  possibility  of  evaluating 
the  textural  properties  of  a  food  at  different  depths  of  penetra¬ 
tion  within  the  sample.  Item  (c)  is  accomplished  by  a  graphical 
analysis  of  the  recorded  curve,  which,  when  further  applied,  leads 
to  the  quantitive  description  of  a  texture  profile  within  complete 
chewing  cycles.  A  new  parameter,  the  "crushability  index", and 
associated  concepts  of  crushing,  elastic,  and  total  texture 
behavior  of  the  food,  were  applied  to  the  study  of  the  experimental 
samples,  in  addition  to  the  already  known  texture  parameters  of 
hardness  and  cohesiveness. 
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The  sensory  texture  parameters  were  evaluated  on  two  series 
of  the  S.I.K.  samples  in  the  dry  state,  using  a  specially  trained 
sensory  panel. 

At  the  time  of  writing  of  this  Report,  results  were  available 
from  experiments  on  the  NLABS  samples,  from  experiments  and  Analyses 
of  Variance  on  the  S.I.K.  II  samples,  and  from  experiments  and 
Analyses  of  Variance  for  the  sensory  evaluation  on  the  S.I.K.  Ill 
and  IV  samples.  These  results  may  be  summarized  as  follows? 

Increasing  relative  humidity  values  from  0  to  66%  caused  an 
appreciable  increase  in  hardness,  and  a  relatively  smaller  increase 
in  %  cohesiveneBS  of  most  samples.  This  was  more  evident  on  the 
samples  in  the  dry  than  in  the  rehydrated  state,  and  it  occurred 
to  a  greater  extent  at  relative  humities  above  the  value  of  the 
B.E.T.  monomolecular  layer  of  water.  (For  reference  reasons,  it  can 
be  stated  that  the  B.E.T.  monomolecular  layer  of  water  value  at 
20°C  in  most  samples  corresponds  to  about  20%  R.H. ,  and  3-5% 
moisture  on  N.F.D.  basis).  The  same  conditions  caused  a  substan¬ 
tial  decrease  of  the  crushability  index  of  the  NLABS  samples,  but 
in  the  majority  of  cases,  they  did  not  materially  affect  the 
crushability  index  of  the  S.I.K.  samples.  (The  latter  result  should 
be  considered  with  caution  until  the  statistical  analysis  for  the 
S.I.K.  I,  III  and  IV  sample  series  is  available). 

These  results,  and  the  background  information  provided  in 
the  scientific  literature,  indicate  that  the  toughening  effect  on 
the  meat  of  increasing  moisture  content  may  be' due  to  cross-linking, 
and  possibly  Other  chemical  reactions,  which  occur  to  a  much 
greater  extent  at  values  above  the  B.E.T.  monomolecular  layer  of 
water. 

A  number  of  recommendations  with  regard  to  instrumentation 
of  objective  texture  evaluation,  and  to  possible  means  for  the 
improvement  of  the  textural  quality  of  dehydrated  special  foods 
can  be  made. 

With  regard  to  the  Masticometer,  I  suggest  that  the  academic 
and/or  industrial  talent  of  the  United  States  in  the  instrument 
field  be  recruited  to  consider?  (a)  effective  use  of  other  means, 
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besides  strain-gauges,  for  the  measurement  of  deformation  and/or 
stress  in  foods,  (b)  possible  improvements  in  the  design  of  the 
instrument  beam,  in  the  location  of  the  Btrain-gauges  on  the  reed 
with  reference  to  the  beam,  and  in  the  location  of  the  motor  with 
reference  to  the  other  parts  of  the  apparatus,  (c)  use  of  an 
automatic  integrator  for  the  calculation  of  surface  area  and  of 
Masticometer  parameters  by  reference  to  a  correctly  positioned 
base  line,  (d)  possible  improvements  in  the  electronic-  circuitry, 
and  (e)  a  mathematical  analysis  of  the  deformation  of  the  sample 
as  caused  by  the  Masticometer  punch  movement. 

I  suggest  that  a  s\toy)a  effort  be  made  for  an  in-house 
research  capability  in  the  texture  area.  This  can  be  done  only 
by  (a)  assigning  the  necessary  spaces  for  qualified  scientific 
staff,  and  (b)  obtaining  the  required  instrumentation.  In  the 
latter  case,  besides  the  Masticometer  described  in  this  Report, 
the  Instron  Tensile  Tester  (with  appropriate  accesories),  and  the 
recent  model  of  the  Kramer  Shear-Press  should  be  purchased  for 
texture  research  on  full-time  basis. 

With  regard  to  possible  methods  for  the  improvement  of  the 
textural  quality  of  dehydrated  special  foods,  the  recommendations 
presented  here  are  based,  as  stated  previously,  on  the  experi¬ 
mental  data  for  the  NLABS  samples,  and  on  the  results  which  were 
available  at  the  time  of  writing  of  this  Report.  These 
recommendations  may  be  subject  to  change  when  the  results  of  the 
statistical  analysis  of  the  S.I.K.  I,  III  and  IV  sample  series  are 
available. 

In  most  foods,  undesirable  increase  in  hardness  and  co¬ 
hesiveness  which  occurs  upon  storage,  may  be  reduced  by  keeping 
the  moisture  content  below  the  value  of  the  B.E.T.  monomolecular 
layer  of  water.  Excessive  crumbliness,  which  was  evident  in  all 
the  space  foods  of  this  Report,  could  be  avoided  by  increasing  the 
relative  humidity  to  as  high  as  66%.  However,  eince  high  %  R.H. 
values,  as  mentioned  above,  cause  also  an  increase  of  hardness  and 
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cohesiveness,  a  workable  "balance"  or  "target"  could  be  struck 
by  dehydrating  the  food  to  a  moisture  content  corresponding  to 
two  B.E.T.  monolayer  values. 

Since  special  space  foods  are  novel  items  in  the  food 
field,  research  should  be  initiated  in  order  to  define  the 
desirable  textural  parameters  of  each  type  of  food,  from  both 
the  instrumental  and  the  sensory  point,  of  view.  This  will  pro¬ 
vide  the  background  information  for  any  further  effort  to  improve 
the  textural  qualities  of  these  foods. 

In  most  cases,  the  effect  of  the  hygroscopic  equilibrium, 
at  different  points  of  the  isotherm,  on  the  textural  properties 
of  the  food  was  exerted  by  a  modification  of  the  contribution  of 
the  elastic  and  the  non-recoverable  parameters  to  the  total 
texture  behavior  of  the  food.  It  is  possible  that  a  substantial 
improvement  of  the  textural  quality  can  be  achieved  by  a  modifi¬ 
cation  of  those  parameters  through  various  means.  This  in¬ 
cludes  changes  in  the  composition,  pre-cooking  and/or  freeze 
dehydration  variables,  use  of  additives,  and  measures  to  prevent 
or  reduce  cross-linking  reactions,  especially  amino-carbonjl  and 
disulfide  bond  formation. 

I  suggest  that  many  of  the  above  mentioned  aspects  be 
studied  first  on  model  systems,  where  the  composition  and  other 
variables  can  be  accurately  controlled.  The  information  obtained 
on  these  systems  can  then  be  tested  on  natural  foods.  This  may 
materially  increase  the  capability  of  the  food  research  program 
of  the  Army  in  a  scientifically  important,  and  logistically 
essential  frontier  of  knowledge. 
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19.  ABSTRACT 


Improved  methodology  for  the  objective  evaluation  of  food  texture  was  applied  to 
the  measurement  of  the  textural  parameters  of  special  freeze-dried  foods  which  were 
storage-equilibrated  under  different  relative  humidity  conditions.  The  foods  in¬ 
cluded  pre-cooked  freeze-dried  beef,  laminated  freeze-dried  products  in  the  form  of 
bite-size  sandwiches,  and  compressed  freeze-dried  cubes,  all  of  which  were  designed 
for  consumption  without  prior  rehydration.  The  results  showed  that  increasing 
relative  humidity  from  zero  to  66%  caused  an  increase  in  hardness  and  cohesiveness, 
and,  in  certain  foods,  a  decrease  in  brittleness  (crushability  index).  This  was  more 
pronounced  at  equilibrium  points  above  the  B.E.T.  value  for  a  monomolecular  layer  of 
water.  Plots  of  physico-chemical  parameters  of  water  vapor  sorption  versug  rheologic¬ 
al  properties  at  different  points  of  the  moisture  sorption  isotherm  were  examined. 

The  selection  of  certain  "target"  relative  humidity  values  to  minimize  undesirable 
changes  in  storage,  and  promising  avenues  for  continued  work  on  the  textural  quality 
and  acceptability  of  special  freeze-dried  foods  are  discussed. 
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